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INTRODUCTION 
Nitrogen (N) is the most important nutrient element in 
soil from the economic standpoint. Crop yields are most often 
directly related to tlie N released from organic matter. An 
image of the N requirement of plants can be visualized from 
the N content of the above-ground part of some crops and vege­
tation. However, some agricultural crop plants have higher 
N requirement than others. Also, the demand is higher under 
tropical than under temperate conditions. 
More than 95% of the total N in most surface soils is 
organically combined. Therefore, mineralization of organic 
N is important for plant nutrition and soil fertility. plants 
absorb N mainly in two forms: nitrate and ammonium ions. 
Nitrate, however, is the most available and important source 
to plants. Ammonium is sometimes relatively abundant as, for 
example, under waterlogged soils or where N fixation is going 
on. but nitrate is tne dominant ion under aeronic conditions. 
-Lli crx CÎ. J-u.:. Lv y iv -LU Oo-—i-o ^ ^  
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soil organic mar-er and production of ammonium is carried our. 
by general purpose heterotrophic organisms including fungi, 
bacteria and actinomycetes while the subsequent nitrification 
is effected by aerobic autotrophs. Under anaerobic soil condi-
4-1 r-i c: Tv.*" >-/-> / -y  >-s:i30-f- —, -, rr, ci- .o 
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appreciably more N was mineralized under waterlogged con­
ditions than under aerobic conditions. 
The above mentioned biologic and/or enzymatic processes 
produce mineral nitrogen in soils. However; certain othpr 
processes (e.g., denitrification ) leading to the loss of N 
from soils have traditionally been considered unfavorable by 
agriculturists. In recent years, however, denitrification has 
received attention for its central role in the groundwater 
and atmospheric pollution. In submerged soils, NO undergoes 
two transformations: assimilation or dissimilation. The 
bulk of native or added disappears within a few days in 
most soils as a result of dissimilation. The process is 
mainly enzym^atic, and the presence of nitrate, nitrite, and 
nitrous oxide reductases in soils is now well-documented, 
but no methods are available to assay any of these enzymes 
in soils. 
These nitrogen transformation processes are influenced by 
soil physical and chem.i cal properties. The factors that have 
marked influence on N mineralization are: soil pH, percentage 
of organic C and N, temperature, moisture, and addition of 
salts. Field and laboratory studies indicate that the major 
facrors influencing denitrification in soils are tension, 
concentration, temperature, time of incubation, organic C 
ind type of soils used. 
The literature available on N mineralizarion has beer 
ûulatcd from, short-term incubation studies = The 
of these short-term studies has been to give a quick index of the 
N-supplying power of soils. Long-term studies which would 
simulate N mineralization occurring under field conditions 
have Only recently been evaluated. The most recent study on 
N mineralization during 30 weeks of intermittent leaching sug­
gests that mineralizable N pool" (N^) in soils can be estimated 
from the regression of the cumulative N mineralized on the 
1/2 
square root (t ' ) of time of incubation* Furthermore, these 
studies suggested that the slopes of these regressions are 
related to N (the mineralizable N pool in soil). Other 
studies have shown that N mineralization is directly related 
to time of incubation, therefore not allowing estimation of N 
in soils. 
Although it is well-known that soil protein contains 
asparagine and glut ami ne and the presence in soil of enzym.es 
that can hydrolyze such compounds has been reported, little 
information is available on the relationship between N 
mineralization and activity of protease, am.idase, asparaginase, 
and glutaminase in soils. 
Determination of the rate of denitrification from differ­
ent soils has been limâted by the availability of adequate 
methodology. Some of the approaches used in m.easuring denitri-
1  s  1 5 ^ 5  1 5  \ ^ » /—« ,. - n —• ^  2 ^ 2 ^ ^ 1 \ w C4. N_ _1_ V-t 
tion ; measurement of X , X_0, 2*^ f y ca. J. j_ ^-i. j. ^ , 
and NC^ depletion; X^O reduction; and inhibition of nitrous 
oxide reductase by . The main drawback of the above 
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mentioned approaches is that most of them, do not appraise the 
rate of nitrate reduction at the rate-limiting step (nitrate 
reductase) in the reaction sequence, and some of the data 
available indicate some lack of blockage in heterogenous 
samples such as soils. 
In other studies, y radiation was used and evidence was 
produced suggesting that biological activity produces N0_ 
after irradiation, and it vas proposed that nitrate reduction 
is carried out by radioresistant enzyme systems of denitrify­
ing bacteria which are unable to proliferate. In all these 
Techniques, there is a lack of complete inhibition of nitrite 
reductase long enough to allow the study of nitrate reductase. 
Promising results in this respect have been obtained for 
assimilatory nitrate reductase in plant systems by the use of 
specific enzyme inhibitors. The possibility that these in­
hibitors could be used as alternative tools to study the dis-
similatory nitrate reductase in soijs deser^'es investigation. 
Therefore, the objectives of this work were: (a) to 
study the rates of N mineralization in soils under long-term 
aerobic incubations, (b) to study N mineralization under 
waterlogged conditions, and (c) to develop a method for assay 
of nitrate reductase in soils. 
LITERATURE REVIEW 
Nitrogen (N) is known to be an essential element for 
plant growth and development. Under natural conditions, 
plants absorb rrost of their X from, the soil solution in m.in-
eral form, mainly as NO very small am.ounts are absorbed as 
organic substances. The source of this N may be NH. from 
rocks, N from air or NC^ released upon decomposition of 
organic residues. However, the element N as is mainly 
present in the 1ithosphere is not available for plant uptake. 
The total N in the environment has been estimated to be 
9 0 1972 X 10~ g, 9/.52% is present in rocks in the ]ithosphere, 
1.96% is in the atmosphere, and only 0.02% in the biosphere. 
Of the N in the biosphere, 47.04% is found as organic N 
in the ocean bottom, 39.72% is soil organic K, 7.32% is soil 
inorganic N, 5.23% ocean inorganic N, 0.54% in plants and 
animals on land, and 0.05% in organisms in the ocean (Porter, 
acids, and 5-l0% is in form of combined hexosamines (combined 
amino sugars). Purine and pyrimidine bases contribute no more 
than about 1%. Other organic nitrogen compounds including 
choline J etnanoiamxne, crea'c j-nj-iit; axiu a j.xâiicoxx"i na've a_LSo joeen 
detected in soils or soil products, but only in small amounts 
(Bremner, 1965a, 1957). The rest of the organic N com.pounds 
in soil organic matter remain unidentified. 
The N content of the surface soils of the U.S.A. vary 
from O.Ol to 1% or higher, the higher values being charac­
teristic of organic soils (Shreiner and Brovn, 1938). Gen­
erally, the inorganic N fraction in soils of temperate regions 
constitutes less than 10% of the total N, and this fraction 
is usually less than 5% in most cases. The proportion of soil 
N liberated as NH^-n by acid hydrolysis is greater than 15% 
and it sometimes exceeds 30% (Bremner, 1967). The origin of 
this has been variously discussed. Kojma (1947) in-
i rn At f i n RJ 1 (^nu — D r utJ UC L S O' ûl'Otei il hvdi'olvsis are 
prim.arily z-amino acids and that som.e ammonium is libratec from 
amide linkages in the glutamic and aspartic acid units. Work 
by Soween (1958) substantiated Kojma's 1947 findings by pro­
viding evidence that at least some of the ammonium formed is 
due to the hydrolysis of the am.ides, asparagine and glut amine 
in the soil organic marrer, and thar the sum of asparric A an 
glutamic N varied between 7.1 and 9.5% of the total X. 
The inorganic X fraction in soils consists of three form: 
amm.onium. (XH^, nirrire (sO^j , and nirrare (XCv; . .\irrir3 in 
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soils is detectable only under some circumstances, but the 
amount is generally very small compared to the amounts of 
— 4- 4- — 
NO^ and NH^. The presence of NH^ and NO^ depends on soil 
conditions, particularly aeration. Under aerobic conditions, 
NO2 is the dominant end-product of organic N mineralization, 
whereas under waterlogged (anaerobic) conditions, NH^ is the 
only predominant end-product. Organic materials, whether 
indigenous (natural) or added, are transformed rapidly in 
soils into form.s available to plants. These transform.ations 
include mineralization and immobilization processes. The term 
"mineralization" or "release" has been used to describe the 
microbiological transformation of organic N to inorganic forms 
An opposing m^icrobiological process is the "immobilization" 
or "tie up" which denotes the incorporation of inorganic N in 
the biomass as organic comipounds. These two processes were 
recognized and studied particularly of soil N as early as the 
late decades of np^nrnr-y (Bci rt>tolorriêw . 19G5;. The 
relationship between organic and inorganic N in the various 
steps in the process of mineral N formation and transforma-
Aerobic soils follow the order : 
Nonspecialized Specialized Specialize: 
"3 z 14- /-\4- c % 11 T r\f- cz V_y 1 lOi 
Organic N ^ NO2 NO. 
(slow) (fast) (very fast) 
Greatest im.portance is attached to Nitrosom.onas sp . , which 
oxidizes NK^ to NOo, and to Nitrobacter sp., 
NG_ to NO-.. These -orocessss require slem.cntal cxvgs: / J) 
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hence do not take place under anaerobic conditions. Under 
anaerobic conditions, the overall process stops at the NH^ 
stage vhich is the work of general purpose heterotrophic or­
ganisms including fungi, bacteria and actinomycetes. Thus, 
on submergence, nitrification is suppressed but ammonifica-
tion proceeds and NH. accumulates in a submerged soil. 
The mineralization of N from soil organic matter is pro­
foundly influenced by cultivation. Voluminous amounts of work 
have been reported in the literature to support or disagree 
with this concept. The conflict is mainly on whether the rate 
of N mineralization in the presence of crops is more or less 
rapid, also whether the rate under crops is constant or vari­
able at different stages of crop growth and development. 
Lvor> of al. (1923) demonstrated that the accumulation of NO 
in soils under oats and maize was less than in the fallow 
soils. Their results have been verified by similar experi-
":ent:s by y i n c'f «i- i attributed the loss of N to 
metabolic processes occurring within growing plants. Also, 
Goring and Clark (1948) concluded that less mineral N accumu­
lates in cropped soils than in fallow soils, even though an 
accounting is made of the N removed by cropping and that the 
extent of the N deficit encountered is correlated to total 
weight of roots, to N content of crop grown, and to the in­
crease in number of microorganisms that occurs with plant 
g rowrh. 
Srudies on rhe effect of cultivation on distribution of 
9 
the various forms of N in soils have been reported by Keeney 
and Bremner (1954). In this study they fractionated the total 
N in 10 pairs of virgin and cultivated soils and determined 
the changes in the organic M fractions in relation to their 
relative susceptibility to mineralization. They found that 
cultivation led to a marked decrease in all forms of N, 
excepting nonexchangeable ammonium N, but, on the average, 
had little effect on the percentage distribution of N. The 
average percent losses of different forms of N on cultivation 
decreased in the order: amino acid N (43.0%) > nonhydrolyz-
able N (39.4%) > total N (36.2%) > total hydrolyzable N 
(35.2%) > unidentified hydrolyzable N (34.5%) > hydrolyzable 
ammonium N (28.6%) > hexosamine N (27.6%) > nonexchangeable 
ammonium N (0.2%). 
The microorganisms responsible for N mineralization, like 
other organisms, are markedly influenced in activity by a 
number of environmental factors. In soils, the most often 
limiting conditions are moisture, temperature and soil reac­
tion (pH), although other soil factors are also known to in­
fluence r.icrobiological activities. Among these other factors 
are C/N ratio, salt content, total N, aeration, and time of 
incubation. The effect of soil moisture on changes in 
mineral Is' in soils is a function of chemical, physical and 
biological processes. Moisture affects ammonification, 
nitrification, denitrification of N, and mineralization and 
iiuiTiobià ization of soil N. In addition, moisture affects 
10 
movement of NO^ in soils. The effect of soil moisture on 
microbial activity in soil has been the subject of many in­
vestigations. Work by Robinson (1957) on a red loam coffee 
soil has shovn that acti^'c nitrification of nature 1 soi-i ^ 
stops at a soil moisture level just below the permanent wilt­
ing percentage. However, ammonification in this soil did not 
stop at this moisture level and substantial amount of ammonium 
accumulated. Also, he added that at moisture levels between 
the permanent wilting point and field capacity percentages 
ammonification and nitrification occurred in a recognized 
manner. Bhaumik and Clark (1947) reported a peak of nitrifica­
tion at a soil moisture suction near 50 cm of water (0.05 
bar), and with suctions up to 3160 cm of water (3.10 bars) 
the rate declined about 40%. Miller and Johnson (1964) re­
ported a maximum nitrification peak in the tension range of 
0.5-0.15 bars, and then decreased with further increase in 
soil rûoisture. Justicc and Smith (1962) reported complete 
inhibition of nitrification at 415 and 115 bars tension but 
with low moisture tensions of 10, 7, and 1 bar nitrification 
increased, respectively. In close agreement with the above 
mentioned soil moisture tensions, Reichman et al. (1965) 
showed that ammonification and nitrificanion of soil K were 
almost orooortional to soil water content at suctions between 
ion. Working with trcoical soils (Colombia, 
O L./ w Ui 1 r-Liuc : — v_ ci ; j-.CiiiN--j.ii 1 1 
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BisSCO and Cornfield (1967) reported a peak of NO^ accumula­
tion in the region of 20-33% or up to 75% maximum water-
holding capacity and at 100-125% maximum water-holding 
capacity. 
Ammonium accumulation predominates due to waterlogging, 
Choudhury and Cornfield (197 8a) working with two Bangladesh 
soils reported NO accumulation was optimum, at 50 and 75% 
water saturation for one soil (slightly alkaline alluvial) 
and 75% water saturation for the other soil (red acidic soil). 
At 133% water saturation, mineral N accum.ulated entirely as 
NH^ in the acid soil. 
Temperature has a marked effect on mineralization of K 
in soils. The generally accepted opinion is that, the higher 
the temperature, the faster the process of mineralization. 
Jenny (1930) found that organic matter content of soils in 
the U.S.A. decreased 2 to 3 times per l0°c rise in the mean 
Mineralization of soil N is also known 
to be very slow at or near freezing point "because of restricted 
microbial activity. Schoesing and Muntz, 1879, as cited by 
Sabey ( 1.954 ), were probably the first to study extensively 
the effect of temperature on NO production. They found that 
it was slow at 5^c, was appreciable at 12"C, and occurred at 
maximum, at 37*^0. Above 37'^c there was a rapid diminution in 
rate of NO^ production with increasing temperatures , and at 
= 5°cNG„ formation completely ceased. Sabey et al. (1956) 
reporzcd a positive relatinnship between nitrification rate of 
12 
(NH^)2^0. in soils and temperature. Frederick (1956) reported 
an optimum temperature for nitrification of NH^ in the range 
between 27 and 35°c with no sharp breaks until the tempera­
ture goes below 20 or above 35°c. Caavpbell et al. (1971) 
reported less NO^ being formed under diurnally fluctuating 
temperatures in the range 3 to 14°C than under constant 
temperature of 8.5°c due to the reduction in the bacterial 
population owing to fluctuating temperature. However, net 
mineralization of soil N, i.e., production of (NH^ + NOg)-N, 
was essentially the same for comparable periods of incubation 
under fluctuating and constant temperatures (3 to 14°c vs. 
8.5°c), presumably because ammonification was not influenced 
differentially by temperature treatments. Similarly, Stanford 
et al. (1975) reported that different sequences of tempera­
ture fluctuations between 5 and 35°c im.posed upon three soils 
during incubations of 52 days had no effect on the amount of 
mineralizes : woi-k reoorLed by Williams (1957) shewed that 
mineralization of N was markedly suppressed at lO°c and that 
rapid mineralization of N occurred at 30°c, and at 20^C the 
effects were interm.ediate between those at lO°c and 30°C. 
Choudhury and Cornfield (197 8b) working with two Bangladesh 
soils reported increasing amount of mineral N as NO at 
temperatures of 20, 30 and 40^c with the peak accumulation of 
NO^ at 40^C in one soil (pH 7.5) while in the other soil (pK 
5.2; the peaK N0„ accumulation occurred at 30 C. Therefore, 
the optimum temperature for nitrification seems to range 
13 
between 30 and 40°c .  
Soil pH is another important factor in determining the 
kinds, amounts, and activities of microorganisms involved in 
organic matter tran^xorKidCions • reg'^xla^-iLng microbial 
activity, soil pK affects the mineralization of organic 
matter and the subsequent availability of N. Remy (1902) 
recognized the influence of soil pH on the mineralization of 
organic substances. Studies carried out by Waksman (1923) 
and Kappen et al. (1949) showed that the optimum pH for 
mineralization of N is slightly on the alkaline side. However, 
Cornfield (1952) reported that NH^ accumulation is generally 
high in acid and low in neutral and alkaline soils and that 
addition of chalk to acid soils makes a positive response in 
NO and mineral N accumulation. This is consistent with the 
fact that fungi are most active at pH values below 5.5 and at 
pK values above 5.0 the actinomycetes and bacteria are more 
prominently i nA-mi ( K mp r H til and Fov. 1971) . Schachtschabcl 
(1953) obtained an increase in N mineralization ranging from 
100-15 00 kg N/ha/year when acid sandy soils with a high content 
of hum I: were limed. Liming was also found to increase X 
mineralization of low pH soils upon incubation compared to 
unlimed soils ("i-Jhite, 1959; Williams, 1967; Ishaque and 
Cornfield, 1972; Choudhury and Cornfield, 1979). Acid soils 
(pH 4.6 to 5.7) were found to accumulate mineral N entirely 
as NH . ar a moisture content of 50% maximum water-holdinc-
capacity or more; below 50% maximum \vater-holdino capacity. 
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NK^ is still the dominant species (Blasco and Cornfield, 
1967). Laboratory incubation experiments conducted by Adams 
and Cornforth (1973) showed that lime, applied in the field 
or immediately before incubation, increased the rate at -which 
sitka spruce (Picca sitchensis CarrO needles and forest 
floor litter decompose. Increases in CO production caused 
by lime were accompanied by a rapid assimilation of both native 
and added mineral N. Work by Barrow (1951) showed that the 
rate of N mineralization decreased with decrease in pH of some 
Australian soils. The optimum pH for NH^ oxidation by 
Nitrosomonas sp. in pure culture is about pH 8.2 (Hofman 
and Lees,1953) and there is still a relatively high activity 
at pK 9.0. This evidence indicates that Nitrosomonas sp. has 
a greater tolerance of alkalinity than has Nitrobacter sp. 
(threshold pH 7.7). 
The effect of salts on N mineralization is consistent, 
the effect of 'oII on soil N mineralization: 
It is well-known that high salt concentrations will injure 
plants. Allison (1973) reported that autotrophic bacteria 
such as nitrifers are more sensitive to high concentrations 
of salts and fertilizers, especially if the latter are high 
in soluble salts. 
Nitrificarion reactions of commercial nitrogen fertilizers 
of organic or ammoniacal form release hydrogen ior.s (H ) . it 
is the release of these ions that results in the acidification 
of the soil. Continued use of such forms of N will lower the 
15 
soil pH (Tisdale and Nelson, 1975). According to Laura 
(1974), addition of neutral salts to soils has variable 
effects on N mineralization. In an incubation experiment, 
he found that the process of nitrification completely 
inhibited by using between 0,6-0,9% of a salt mixture of NaCl 
and CaCl^. The NH^ formation was equal under all treatments. 
However, opinions are divided regarding the formation of 
somie workers observed increases, others decreases, in ammoni-
fication with increased salinity. Broadbent (1955) reported 
a stimulating effect of inorganic fertilizer N on the min­
eralization of organic soil N. In another publication, 
Broadbent (1970) showed that increases, decreases, and no 
change in A-value resulting from different levels of N fer­
tilizer application were reported in the literature. He also 
found that A-values were usually greater with NH^ fertilizers 
compared to MO^ fertilizers. Broadbent and Nakashima (1971) 
re-oorted that }JH.Cl, CaCl^. KCl, and AlCl.. in-
creased mineralization of soil N. The effect of the last 
three salts (CaCl^, KCl, and AlCl^) vas not consistent with 
all soils. On the other hand, CuSO^ depressed N mineraliza-
tion in three soils. 
Westerman and Tucker (1974) studied the effects of con­
centrations, ranging from C.C-l.C X, of NaCl, CuCl^, and CaCl 
on mineralization of soil N, nitrification and N im:m;obiliza-
tion over a 49-day period. The salts were added with and 
without N1-I.C1. Their findings indicated that dilute concen-
16 
15 15 
trations of salt, NH^Cl, and dilute salts plus NH^Cl 
stimulated mineralization of soil N. Nitrification of native 
"h 15 + 
NH -K and N-labeled NH^ decreased with increasing concen­
tration of salt. High concentrations o" CnCl and CaCl 
15 inhibited nitrification of N-labeled MH^ more than Na salts. 
Heilman (1975) determined the effect of various salts and 
concentration of salts (0-0.2 M) on NK"^- plus NO^-N changes 
in lO forest soils of the Pacific Northwest in a laboratory 
incubation study. He found that mineralization increased with 
time and salt concentration in the order; AlCl^ > CaCl^ > 
KCl > K_SO^ > K^CO^ > KHPO^. Studies on the effecL of clover 
straw added to soil showed that CO evolution increased in 
the presence of Na^CO^ and CaCO^ and was depressed by NaCl, 
CaCl , MgCl^, Na^SO^, and MgSO^ at 25 me/100 g soil, and by 
CaSO^ and MgCO^ at 250 me/lOO g soil (Campbell, 1978). The 
influence of Mn salts on nitrification has been reported by 
Nelson (1029). His finding revealed that Mn compound^ in 
small concentrations m.ay stimulate nitrification whereas high 
concentrations of Mn salts may retard nitrification but do 
not stop the process. He also found that the stimulation 
observed in the presence of Mn salts may be due to the nega-
o_ 
tive ions (e.g., Cl or SO^ ) and not ro the Mn. Moreover, 
Cornfield (1953) reported that the accujTiUlation of NC^ and 
T.- -i -f- Q , 
Ai^(SO,)^. or FeSO/. at three eauivalent rates. Ho reported 
L-iiCiu ct V. \ :n of >rH, increased with the amount of 
17 
acidifying agent used. Johnson and Guenzi (1953) found that 
an increase in osmotic tension reduced NO^ production and 
oxidation of NH^ in soils and that organisms in a calcareous 
soil were more tolerant to salts than those in a noncaicare-
ous soil. 
Studies by Liang and Tabatabai (1977, 1978) showed that 
N mineralization and NH^ oxidation in soils were decreased 
by each of 19 trace elements. 
The effect of C/N ratio on mineralization of organic N 
has been studied by many workers. Bartholomew (1955) re­
viewed the literature and concluded thar a high C/N ratio 
causes immobilization and a low C/N ratio causes mineraliza­
tion of organic N in soils. The review articles available 
on C/N ratio in soils indicate that the critical value below 
which mineralization of organic N takes place ranges from 20 
to 25 (Jensen, 1952; Winsor, 195 8; Biederbeck, 197 S ; Campbell, 
197S) , most Iowa surface soils have C/N ratios below 7.0. 
For example, Tabatabai and Bremner (1972) reported C/N 
ratios ranging from 9.4 to 15.0 (avg. 10.9) for 37 Iowa sur­
face soils. In another study, Neptune et al. (1975) reported 
C/N ratios ranging from 9.4 to 13.1 (avg. 11.l) for six Iowa 
surface soils and from 12.8 to 23.6 (avg. 19.4) for six 
Brazilian soils. 
Another important factor affecting N mineralization in 
soils is the relationship between total N and mineral N or 
between total N and the rate of mineralization. The total N 
18 
is known to provide a measure of the amount of the substrate 
undergoing decomposition. However, evidence in the litera­
ture (Fraps, 1912, 1921; Fraps and Sterges, 1939, 1947), 
indicates that the higher the total M in t^e soil.- the more 
mineral N is provided in incubation experiments and under 
field conditions. Allison and Sterling (1949) reported 
findings in which the correlation coefficients of N min­
eralized during incubation of a group of soils with the total 
N content of the samples ranged from 0.59 to 0.84. 
It is well-known that soil proteins contain the amides, 
asparagine and glutaraine, aspartic and glutamic acids are two 
of the dominant acids in hydrolysates of soils. The possi­
bility exists that they originally were present as their 
amides (Parsons and Tinsley, 1975) and thus could account 
for some of the ammonium produced during hydrolysis. Bremner 
(1955) reported results showing that after acid hydrolysis of 
humic preparations. 7.3 to 12.6% of the total N was :• n the 
form of amide N. Moreover, Sowden (1958) reported on the 
amounts of amide N (as glutamine and asparagine) present in 
soils. His data, however, lend support to the hypothesis 
that a percentage of the NH^-x formed during acid hydrolysis, 
equal to or nearly equal to the sum. of the glutamic acid X 
plus "che aspartic acid N, is derived from glutamine and 
asparagine. The sum of the glutamiic acid X and the aspartic 
acid X varied between 7.1-9.5% of the total N and decreased 
down trie orofile. Although the contribution of am.ides to the 
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ammonium in soils has been overlooked by Subrahmanyan (1927b), 
this has been corrected by results obtained by chemical 
hydrolysis of whole soils (Bremner, 1955; Sowden, 1958). 
Therefore, since work reported by Subrahmanyan (1927a) indi­
cated that the production of ammonium in soils involved no 
reduction of NO^ nor oxidation of proteins and, since the 
possibility exists that aspartic and glutamic acids in soil 
were originally present as their amides (Parsons and Tinsley, 
1975), there must be some agent in the soil responsible for 
their hydrolysis. This agent is probably enzymatic in nature. 
Most of the information available in the literature on N 
mineralization has been obtained from short-term incubation 
studies. Information on the effect of long-term incubation 
is needed because, if properly conducted, long-term incuba­
tion and leaching procedures should simulate N mineralization 
occurring under field conditions. A few studies have been 
conducted on mi i%.aLion durincr long-term incubation = 
Recently. Stanford and his associates (Stanford and Smith, 
1972, 1976; Stanford et al., 1973a,b) developed a procedure 
to study the N mineralization potentials of soils. In this 
procedure, a 15-g soil sample (air dried) and equal weight of 
20 mesh quartz sand are moistened by using a fine spray of 
distilled water and mixed thoroughly. The soil-sand mixture 
is retained in a 50-ml leaching tube by means of a glass wool 
pad, and a thin class wool pad (about 0.5 cm) is placed over 
the soil to avoid dispersing the soil when solution is poured 
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into the tube. The soil-sand mixture is leached with O.Ol M 
CaCl_ to remove the mineral N initially present in the soil 
sample, and treated with 25 ml of a nutrient solution devoid 
o r  N  ( 2  r n ^  C a c ^ ù ^  «  2 H . ;  z  r r ù n  ^  C a  \ n 2 ^ 0 a n d  
2.5 mM K SO^). Excess water is removed under vacuum (60 cm 
Kg). The tube is stoppered and incubated at 35°c. Stanford 
and Smith (1972) indicated that gaseous interchange through 
the open stem of the leaching tube is sufficient to maintain 
aerobic system. After 2 weeks of incubation, the mineral X 
produced is removed by leaching with O.Ol M CaCl and "minus-
N" solution, followed by applying suction as described above 
The tube is then returned to the incubator for periods of 
2. 4, 4, 4, 5, and 8 weeks (cum.ulative: 2, 4, 8, 12, 15, 22 
and 30 weeks) with intermittent leachings of mineral N and 
restoration of soil-water content. The miineral N thus pro­
duced is determined by steam distillation. 
By using the proc^^^" r :bi^d dbiyv^ . Stanford and 
Smith (197 2) showed that cumulative net N mineralization is 
linearly related to the square root of time, , thro ugh ou 
the 30 weeks of intermittent incubation, with all except a 
few soils (they used 39 widely differing soils). From, the 
results obtained by this method, Stanford and Smith (1972) 
defined the X mineralization DOtenrial (N ) of a soil to be 
o 
the quantity of soil organic X that is susceptible to miner-
?. 1 iz Tit ion accordirn to first-order kinetics. Thev derived a 
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Log (N^-N^) = Log - k^/2.303 (l) 
in which denotes the cumulative amount of N mineralized 
during a specified period of incubation t and k is the rate 
constant. from the results obtained bv using the leaching 
procedure described, Stanford and Smith (1972) estimated 
from regression of log (N -N^) on t for successive approxima­
tions of N . They found that values of N for 39 soils ranaed 
o o 
from 20 to > 300 ppm N. The fraction of the total N compris­
ing N varied between 5 and 40% among soils, but the mineral­
ization rate constant did not differ significantly in most 
soils. The most reliable estimate of k = 0.054 i 0.009 per 
week. The time required to mineralize one-half of N , 
o 
ti/^ (half-life), was estimated to be 12.8 ^  2.2 weeks; their 
results suggest that the forms of organic N contributing to 
N were similar for most soils. 
0 
By using the above procedure, Stanford et al. (1973a) 
studied the temperature coefficient '< rr4 np^T-ri 1x.a!.lun i-i 11 
soi Is = Based on cumulative am^ounts of X mineralized after 
successive incubation. , and soil N mineralization potential, 
X , the mineralization rate constant, k, for each temperature 
o 
and soil was calculated from, equation 1. They showed that the 
linear regressions of log k on 1/T (T = absolute temperature) 
did not differ significantly among soils. Basea on the common 
(pooled) regression for 11 soils, Stanford ez al. (1973a) re­
ported that Q-- values for the 11 soils for temperatures rang-
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1.8, respectively. The regression equation calculated after 
omitting the N mineralized at 5°C (because of low mineraliza­
tion rate at this temperature) gave Q^q values of 2.3, 2, 
and 2 for 15, 23, and 35°C, respectively. 
Greenhouse studies by Stanford et al= (1973b) have pro­
vided evidence that has intrinsic value in predicting the 
amount of soil N mineralized under specified environmental 
conditions. For example, they found that the amounts of soil 
organic N mineralized during cropping plus the mineral N 
present initially in soils correlated highly with the amount 
of soil N taken up by sudangrass (Sorahum sudanense). More­
over, A-values were similar to amounts of N mineralized before 
and during crop growth (r = 0.94**). Stanford et al. (1973b) 
concluded that the similarity between A-values and amounts of 
N mineralized before and during crop growth is particularly 
significant, since amounts of N mineralized during crop growth 
were i froin N mineralization, taking into account the 
effects of tem.perature on the mineralization rate constant. 
Thus, they provided preliminary evidence that the soil K 
mineralization potential offers a basis for estim.ating amounts 
of soil N mineralized during selected periods of time under 
specified temperature regimes. 
To investigate the above concept further, Al-Khafaji 
(1978) compared the rates of N and S mineralization in soils. 
In his study, soil-glass beads mixtures were incubated at 20 
or 35"C for a roral cf 26 weeks. The initial mineral was 
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removed by leaching with 0.01 M KCl and the colimn was 
leached in 2-week intervals to remove and estimate the amount 
of N and S mineralized. The salient features of his findings 
can be summarized as follows: The N released at both 20 and 
35°c was linear with time in all the soils studied and that 
all the lines tend to pass through intercepts close to the 
origin of the coordinates with all the relationships sig­
nificant at the 0.1/i level. The slopes of the regression 
equations, as found by Al-Khafaji (1978), indicated that rhe 
rates of N released at 20°C in 12 Iowa surface soils ranged 
from 1.7 to 4.2 (j.g/g soil/week (avg. 2.9 p.g/g soil/week), at 
35°C the rates of N mineralization in the soils studied ranged 
from 7=7 to 17.0 ag/g soil/week (avg., 12.6 ^ g/g soil/week). 
The results obtained by Al-Khafaji (1978) indicate that in­
crease in temperature of incubation has greater effect on N 
than on S mineralized. The amounts of N mineralized at 20°C 
ranged from 45 to IIU p.g N/'g soil 75 tig/o soil) and 
those mineralized at 35°c ranged from 188 to 443 ug/g soil 
( avg : ; 325 [ig/g soil). The percentage of total N mineralized 
at 20 and 35°c in the soils studied ranged from. 1.8 to 6.0 
(avg., 3.7%) and from 8.3 to 25.0 (avg., 16.1%), respectively. 
The ratios of the amounts of N mineralized at 35 and 20^C 
ranged from 3.8 to 6.1 (avg., 4.5). Al-Khafaji (1978) indi­
cated that the rate of depletion of organic N is much smaller 
than the rate of depletion of organic S in soil at 20 and 35°C. 
At 20'^C the average percentage of N mineralized in rhe soils 
studied during 25 weeks was only 3.7% compared to 7.7% for S. 
At 35°c the average percentage of N mineralized in soils 
studied during 25 weeks was 15.1% compared to 22.1% for S. 
The straighr-line relationships obtained by Al-I<hafaji 
(1978) for cumulative N mineralized and time of incubation are 
different from those reported by Stanford and Smith (1972); 
1/2 they showed that N mineralization is related to t 
Al-Khafaji (1978) explained the decrease in the rate of N 
mineralization with time,as reported by Stanford and Smith 
(1972), could be due to salt accumulation inherent in the 
leaching technique that they employed. 
Another reason for the decrease in rate of mineraliza­
tion with time of incubation reported by Stanford and Smith 
(1972) is perhaps the different consecutive periods of incuba­
tion (2, 2, 4, 4, 4, 6, 8 weeks). Apparently during long 
periods of incubation, the amount of N mineralized in a par­
ticular ccil IS net proportions" ir, that mineralized in 
shorter periods; therefore, a rate limiting step is observed. 
The results reported by Al-Khafaji, however, support those 
reported by Williams (1967, 1968) who showed a close rela­
tionship between X mineralization and time of incubation. To 
understand the inherent drawbacks in Stanford and Smith's 
(1972) leaching technique, as mentioned by Al-Khafaji (1978), 
further work is warranted to elucidate the effect of a dif­
ferent leaching technique as compared to the one employed by 
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The various reactions of the nitrogen cycle transform one 
form of the N to another. Mineralization liberates the N in 
inorganic form, immobilization converts it back to an unavail­
able state, while nitrification changes N from a reduccd to an 
oxidized state. However, gaseous N losses have also been 
shown to occur through volatilization and denitrification. 
The term denitrification according to Pesek et al. (1971) 
denotes the gaseous losses of N as and oxides of N that 
result from enzymatic reduction of nitrate. Also, a presump­
tive evidence in the literature showed that gaseous loss of 
fertilizer N can occur through chemical decomposition of 
nitrite formed by nitrification of ammonium or ammonium-
yielding fertilizers in soils (Clark, 1962; Broadbent and 
Clark, 1955). Clark (1962) proposed that the term chemode-
nitrification be used to designate gaseous loss of N from 
soils through chemical decomposition of nitrite formed by 
nitrification of amjr.cniiim.; deni Lr irication, however, 
is a biological process accomplished by facultative anaerobic 
bacteria capable of using NO^ in place of 0-, as a hydrogen 
acceptor. In the complete aerobic oxidation of carbohydrates, 
the final products are CO^ and water. With glucose the reac­
tion is as follows: 
CrK^^Oc ^  60_  -  6C0_  ^  6H_0  (2 )  
D 12 5 2 2 2 
In the absence of but the presence of NO?, these bacteria 
are capacle of a nicra^e respiration which may be expressed 
as follows: 
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^ 6 ^ 1 2 ^ 6  *  -  6 C O 2  +  6 H 2 O  +  2 N 2  ( 3 )  
In equation 3, NO^ essentially substitutes for 0^ as a final 
electron acceptor in a respiratory chain. The cells must 
possess a special enzyme for this function, respiratory 
nitrate reductase, which catalyzes the reaction coupling the 
reduction of NO^ with the oxidation of a cytochrome. Nitrate 
is suitable as a final electron acceptor in a respiratory 
chain because of the relatively high of the NO.-NO-
oxidation-reduction system (+0.42V at pH 7, 30°C); the yield 
of ATP, however, is not as great compared to aerobic condi­
tions (Alexander, 1977; Broadbent and Clark, 1955; Pelczar 
et al., 1977). According to Campbell and Lees (1967), micro­
organisms supplied with instead of ions must always 
reduce the NO^ to ammonia before they can assimilate it. 
On the other hand, some microorganisms under more or less 
anaerobic conditions reduce the NO to NO^ without assimilat­
ing It. Tnus, microorganisms miyhL Le L.u manufacture 
two different kinds of nitrate reductases, according to the 
environmental conditions under which they found themselves-
Consequently, -wo types of nitrate redaction have been 
observed : 
1= Dissimilatory nitrate reduc-ion: the reduction of 
NO in which the organism uses the NO^ as an anaerobic 
electron acceptor in place of 0- and the reaction is 
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2. Assimilatory nitrate reduction; the reduction of 
NOg in which the organism reduces the NO^ to NH^ in 
order to tap it as a source of N for growth and the 
reaction is mediated by assimilatory niLraLe reduc­
tase enzyme. Nitrate reductase is now well-
documented in both plants and soil systems. 
To elucidate the question of denitrification in 
soils, a technique based on gamma (y) irradiation of soils 
to evaluate the importance of some soil physical and chemical 
factors on the extent of NO- formation after irradiation has 
been adopted (Cawse and Crawford, 1957; Cawse and iVhite, 
1969a,b; Cawse and Cornfield, 1959, 1971, 1972). 
Rapid accumulation of mineral N has been observed in many 
fresh soils after being treated with y-radiation. The fonr>a-
tion of was first reported by Cawse and Crawford (1957) 
following the irradiation of two calcareous soils and they 
cuggcctcd that there might he ?- ti' radia Lion 
which results in great damage of nitrification com: V -Zi T.- 1 n 
N O  reduction. Subsequent experiments by these authors re­
vealed that NO fails tc accumulate when the soils are water­
logged, probably because it undergoes more rapid microbial 
reduction. Cawse and White (1959b) reported large accumula­
tions of N0« under aerobic conditions onlv 24 hours after v -
treatment in soils containing carbonates. The optimum dose 
region for MO- accum.ulation was found to be 0.5 to Û.8 rad. 
Their experiments strongly suggest that nitrate reduction wa: 
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the principal cause of NO2 formation and that the reduction is 
carried out by radioresistant enzyme systems of denitrifying 
bacteria which are unable to proliferate. Cawse and Cornfield 
(1971) found -chat the extent to which accumulated in 15 
fresh soils following y-treatment in the region of 0=75 Mrad 
was influenced by factors which are well-known to affect 
microbial activity, and reduction of NO^ in unirradiated soils. 
These factors are moisture, temperature, aggregate size, 
conditions of storage before use, and sterilization by auto-
claving= Addition of CaCO_ to increase the stability of NO^ 
in irradiated soils of lower pH did not improve its accumula­
tion. The work by Cawse and Cornfield (1971) showed that 
there was good agreement between the ability of Y"irradiated 
soil to accumulate NO^ at medium moisture and its capacity 
when unirradiated to biologically reduce NO. (denitrifying 
potential) under the ideal conditions of waterlogging and high 
ccncentrHr ^ one nf available organic carbon and NO-,. Cawse 
and Cornfield (1971) added that the failure of NO^ to accujriU-
late in waterlogged irradiated soils in spite of rapid NO^ 
loss infers that the y-treatment does not interfere with 
reduction pathways and it seems unlikely that such interfer­
ence is responsible for NO- accumulation in irradiated soil 
under aerobic conditions. Their results showed that in­
creased with temperature up to 30-40°C, but above this only 
trace amounts appeared. They added that mesophilic bacteria 
dominant in soils show optima between 25-35°C and cannot grow 
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above 45°C; and that many soil enzymes are denatured above 
50°C. These findings support the contention that NO^ is 
produced biologically. To explain the biological reduction 
 ^ J - . J— — —I j_ ,—  ^ ^ f» ^ n ^ —» j- «-w» ^ yJ ^ «v» «WI /-> •> -i— , •, V /-> "* 11 H ^ 
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favor 0_ diffusion, Cawse and Cornfield (1971) claimed that 
the radiation increases accessibility of reducing enzymes 
within denitrifying bacteria to substrate following damage to 
cellular membranes, while at the same time, nitrate reduc­
tion is limited to anaerobic zones within the aggregates. 
While substantial information on soil and plant factors 
influencing denitrification is available, investigations of 
the nitrate reductase activity in soils have been hampered by 
the lack of sensitive and quantitative techniques for measure­
ment of denitrification rate in nature. The need for further 
investigations to develop sensitive techniques and a better 
understanding of the transformations that occur during de-
nitrification has been emphasized by Delwiche and Bryan 
(1975) and by Tied je (1978), The rate-limiting step in the 
denitrification processes leading to conversion of NOg to 
N_0 and is the enzymatic reduction of NO^ by dissimilatory / z 3 ^ 
nitrate reductase. Understanding the reaction catalyzed by 
this enzyme in soils should aid in a better understanding of 
denitrification in soils. 
In contrast to soils, in plants, advanced techniques for 
the measurements of nitrate reduction rates vivo and in 
vitro are now available (Klepper et al., 1971). The most 
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recent in this respect is the inhibition of the nitrite re­
ductase activity in plant tissue for long enough by using 
photosynthetic and nonphotosynthetic inhibitors to allow the 
activity of nitrate reductase to be assayed (Klepper,- 1974. 
1975, 1975, 1979). According to Klepper (1974), the 
processes of nitrate reduction and nitrite reduction in green 
plants are separate. Each has different enzymes, different 
electron donors, different energy generation systems, and 
occurs in distinctly different locations within the cell. 
The energy needed for nitrite reduction is blocked by photo­
synthetic and nonphotosynthetic inhibitors but nitrate reduc­
tion continues. Since nitrite reduction is directly dependent 
upon electron flow generated during photosynthesis, blockage 
of photosynthetic electron flow causes the inhibition of 
nitrite reductase since the latter is directly dependent on 
ferredoxin as its electron donor and thus NO^ accumulates. 
Klepper (1975) reported that 2,4DNP (2,4 dinitrophenol^ is 
known to be a potent uncoupler of oxidative phosphorylation 
and interferes with mitochondrial electron transfer) inhibited 
nitrite reduction in nonphotosynthetic and photosynthetic 
tissues, a finding which has also been reported previously by 
others (Kessler, 1964; Ferrari and Varner, 1971). As the 
basic requirement for initiation of the nitrate reduction, 
reactions are more or less the same no matter where they occur, 
then it is justifiable to mention that the fundamental bio­
chemical reactions in soils and plant system.s must be the same. 
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To my knowledge, no such work has been reported for 
soils. Most of the techniques developed, e.g., acetylene 
(C2H ) blockage (Smith and Tiedje, 1979) do not block the 
reaction at the rate-limiting step (Paul and Victoria,- 19^7) 
to allow the activity of nitrate reductase to be studied. 
Therefore, the objectives of this work were: 
1. To study nitrogen mineralization in soils under 
aerobic conditions, 
2. To study nitrogen mineralization in soils under 
waterlogged conditions, and 
3. To study the dissimilatory nitrate reductase in 
soils. 
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MATERIALS AND METHODS 
The lO soil samples used in studies of N mineralization 
under aerobic conditions (Table l) were surface (0-15 cm) 
soils selected to represent some of the major soil series 
in Iowa and to include a wide range of chemical and physical 
properties. Of these soils. Clarion, Downs and Muscatine 
were from fields under soybeans; Nicollet, Fayette, Harps, 
Canisteo, and Okoboji were from fields under grasses: Tama was 
under oats; and Ames was under forest. These soils and seven 
other surface soils were used in studies of N mineralization 
under waterlogged conditions. The properties of the 
17 soils used are summarized in Part II (Table 9). 
Samples of field-moist soils were brought to the labora­
tory, passed through a 2-mm screen, and divided into two por­
tions. One portion was placed in a polyethylene bag and 
stored in a refrigerator at 5°C. The second portion was 
air-dried at room temperature \23^c) for 48 hours and stored 
in a tighrly sealed bottle. Subsamples of both field-moist 
and air-dried portions were used in the incubation experiments. 
A subsample of the air-dried portion was ground to pass 
a lOO-mesh sieve for determination of the chemical properties. 
Unless otherwise indicated, all analyses reported in Table 1 
were carried out on air-dried soils. 
Table 1 shows the chemical and physical properties of the 
soils used in studies of N mineralization under aerobic 
Table 1. Analyses of soils used 
Series Subgroup Vegetation pH 
Clarion Typic Hapludoll Soybean 5 .9 
Downs Mollie Hapludalf Soybean 5 .8 
Nicollet Aquic H ap1ud o11 Grass- 5 .7 
Tama Typic Argiudoll Oats 7 .5 
Muscatine Aquic Haplvidoll Soybean 7 .3 
Ames Typic Albaqualf Forest 6 .7 
Fayette Typic Hapludalf Grass 7 .5 
Harps Typic Calci.aquoll Grass 7 .9 
Canisteo Ty): ic Hapleiquoll Grass 7 . 8 
Okobo j i Cuinulic Ha];)l£iquoll Grass 7 .1 
Organic 
C 
Nitrogen 
Total NH4-N NO3-N 
% 
1.50 
% 
0.159 
ppm 
2.5 
ppm 
5.6 
1.91 0 . 2 0 2  4 . 9  19.0 
2.00 0 . 1 8 3  3 . 2  3.5 
2 . 0 4  0.197 7.0 9 . 2  
2 . 6 0  0 . 2 3 3  4.9 15.1 
2 . 9 9  0 . 2 2 3  10. 9 10.6 
3 . 0 8  0 . 2 8 9  3.5 0.0 
3.73 0 . 3 6 7  2.5 7 . 4  
4.66 0 . 4 6 4  8 . 8  6.3 
5 .59 0 . 5 2 3  6.7 6.7 
Table I. (Continued) 
Phosphorus; 
Soi I Total Inorganic 
p p 
Organ 
Clarion 7GI 4 9 2  2 6 9  
Downs W 2 1  5 0 7  3 1 4  
Nicollet 6 5 3  1 9 7  4 5 6  
Tama 6 7 5  4 9 7  17 8 
Muscal-ine 6 5 3  2 9 5  3 5 8  
Ames 3 9 4  2 0 2  192 
Fayette 7 6 1  4 7 3  2 8 8  
Harps 9 2 6  4 5 3  4 7 3  
Canisteo 1 2 9 0  6 0 9  6 0 9  
Okobo ji 1 0 7 6  8 2 7  2 4 9  
Clay Sand 
CaCOg 
equiv. 
%---
0 . 0 2 3 3  12 19 53 0 
0 . 0 2 8 0  19 2 9  5 0 
0 . 0 2 5 1  2 4  2 2  4 4  0 
0.0247 21 2 9  3 0.059 
0.0277 2 4  3 0  3 0.057 
0 . 0 4 3 9  21 10 57 0 
0 . 0 3 1 4  15 26 3 0 . 2 3 6  
0.0518 18 2 8  30 1 . 1 3 2  
0.0582 23 32 23 1.391 
0.0517 27 36 15 0.020 
oc: 
conditions. In the properties studied, the pH values ranged 
from 5.8-7.9, organic C from 1.50-5.59%, total N from 0.159-
0.523%, and total P from 394-1298 ppm (organic P ranged from 
178-609 ppm and inorganic P ranged from 197-327 ppm). Total 
S ranged from 0.0233 to 0.0517% and the calcium carbonate 
equivalent ranged from 0 to 1.39%. The particle size dis­
tribution varied from 10-36% clay, and from 3-5 "7% sand. The 
moisture content of soil samples ranged from 12-27%. 
Analytical Procedures 
In the analysis reported in Table 1, pH was determined 
by a glass electrode (soil:water ratio, 1:2.5), organic C by 
the method of Mebius (1950), inorganic C by the method of 
Bundy and Bremner (1972), total N by the semimicro-Kjeldahl 
procedure described by Bremner (1955b), ammonium N and nitrate 
N by the steam distillation methods described by Bremner 
Bremner (1970), and total ? by the alkaline oxidation method 
of Dick and Tabatabai (1977). Inorganic P was determined by 
a modification of the method described by Olsen and Dean 
(1965). To determine inorganic P, 1 g soil in a 50-ml plastic 
centrifuge tube was treated with 10 ml conc. HCl and heated 
in a water bath (the tubes were placed in a 1-liter beaker 
containing about 500 ml of water and heated on a steam plate) 
that the temperature of the solution inside the tube was 
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contents of the tube were mixed and allowed to stand at 
room temperature (23°C) for 1 hour. Then 10 ml of water 
were added, mixed, the tube was centrifuged for 1 min at 
TO 000 'PO 1 T.t lO v-o i y-s r-\ 
250-m.l volumetric flask and the volume was adjusted with de-
ionized water and mixed. An aliquot (5-10 ml) was immedi­
ately taken for determination of orthophosphate P by the 
method of Murphy and Riley (1952). Organic P was determined 
by subtracting the value of inorganic P from that obtained 
for total P. Particle-size distribution was determined by 
the pipette analysis of Kilmer and Alexander (1949). 
The analyses for organic C, total N, total P, total S, 
and inorganic P were performed on the subsamples that were 
ground to pass a lOO-mesh sieve. The other analyses were 
performed on the coarser, <2 mum, soil samples. The results 
reported in Table 1 are averages of duplicate determinations 
T3 K-» T) V /-> -^v- 1—\ -i «—«4—i x-] 
from loss in weight after drying at 105°C for 48 hours. 
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PART I. NITROGEN MINERALIZATION IN SOILS UNDER 
AEROBIC CONDITIONS 
38 
INTRODUCTION 
Nitrogen is known to be a limiting nutrient needed for 
crop growth and development. Crop yields are most often 
directly related to the N released from organic matter. 
Many methods have been reported in the literature to predict 
the availability of soil N for crop growth. Harmsen and 
Van Schreven (1955), Bremner (I955d), and Campbell (1978) 
reviewed critically the biological and chemical methods -used 
to predict the N supplying power of soils. Most of the in­
formation available in the literature on N mineralization 
has been obtained from short-term incubation studies (7-14 
days of incubation). Although they reflect the relative N 
supplying capabilities of soils, these short-term incubation 
studies do not cope with the present cropping practices be­
cause only a small portion of the potentially mineralizable N 
is released. This limitation of the short-term, incubation 
technique motivated researchers to look for a method that will 
provide a satisfactory index of the availability of soil N 
and that will allow justifiable and accurate prediction of 
the N supplying power of soils. In view of the rising fer­
tilizer prices, the need for such a method is now crucial 
since it will help in making an accurate decision on the am.ount 
of supplementary fertilizer need to be added for a desired 
crop yield. Information on the effect of long-term incubation 
is needed because, if properly conducted, long-term incubation 
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and leaching procedures should simulate N mineralization 
occurring under field conditions. However, these long-term 
incubations are not without their problems. Reliable mea­
surements have been hampered by accumulation of toxins daring 
long-term incubation periods. Allison and Sterling (1949) 
reported a drop in soil pH during a 23-week incubation. 
Harmsen and Van Schreven (1955) indicated the accumulation of 
unspecified toxins, Broadbent and Nakashima (1971) and Laura 
(1974, 1975) have reported various effects on N mineralization 
in soils due to addition of salts. 
Recently, Stanford and Smith (1972) used an incubation 
leaching technique, which was previously used by Legg et al. 
(1971), to estimate the mineralizable N pool in soils. In 
this technique, Legg et al. (1971) determined N mineralization 
at two-week intervals, with intermittent leaching, over a 
period of 35 weeks. Mineral N was leached initially and 
after ineubaLion with O.Cl M CaCl^ followed by minus-N 
nutrient solution. Stanford and Smith (1972) using this 
technique in 39 diverse American soils, and for a cumulative 
period of incubation of 30 weeks, observed that the cumula­
tive net N mineralized in each soil was linearly related to 
T /O 
the square root of time of incubation (t"'''^). However, Al-
Khafaji (1978) depicted a straight line relationship for cumu­
lative N mineralized and time of incubation for 12 Iowa sur­
face soils, a result known to conform to those reported for 
biological systems, namely, the reaction rates are normally 
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related to reaction time. He explained his findings on the 
grounds that the decrease in the rate of mineralization with 
time reported by Stanford and Smith (1972) could be due to 
sale accumulation and its effect on the microbial activity. 
Also, Al-Khafaji (1978) suggested that the lack of propor­
tionality in the cumulative amount of N mineralized and incu­
bation periods could be due to the dissimilar incubation 
periods used by Stanford and Smith (1972). 
The objectives of this investigation were; (a) to compare 
N mineralization in soils by the procedure recommended by 
Stanford and Smith (1972) with those obtained from incubation 
of the same soils but with 2 weeks of incubation intervals 
for a total of 30 weeks, (b) to assess the effect of addition 
of nutrient solution devoid of N after leaching on N mineral­
ization, (c) to study the effect of temperature on rates of 
N mineralization, (d) to assess the effect of air-drying on 
}: mineralization, ) to studv Lhe relationship between 
X mineralization and other soil properties. 
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DESCRIPTION OF METHODS 
The soils used in this study were those reported in 
Table 1. 
N mineralization was studied essentially according to 
the method of Stanford and Smith (1972). In the incubation 
experiments reported, a 20-g sample (on oven-dry basis) of 
field-moist or air-dried soil and an equal weight of 20-mesh 
acid-washed silica sand were m.ixed thoroughly after being 
moistened using a fine spray of distilled water. This proce­
dure gives a homogenous mixture and prevented segregation dur­
ing transfer to leaching tubes (Figure 1). The soil-sand 
mixture was retained in a leaching tube of the type used by 
Al-Khafaji (1978) (3.5 cm in diameter and 15 cm in length) by 
means of a glass wool pad. A thin glass wool pad (about 5 mm) 
was placed over the soil to avoid dispersing the soil when 
solution was poured over the soil-sand mixture. The leaching 
tube was placed on a suction flask using no. 6 rubber stopper. 
The leaching tube assembly is shown in Figure 1. 
For incubation, the leaching tube was placed in an up­
right position in a. rack prepared from plywood (Figure 2). 
Thren grnups of leaching tubes were prepared ii groups of 80 
tubes. Each group was made up of 4 sets of 20 tubes, duplicate 
leaching tubes of each soil (2 sets containing field-mioist 
soils and the other 2 sets containing air-dried soils). One 
combination of a field-m.oist and air-dried soils set in each 
Figure 1. Diagram of the leaching tube and suction flask 
used for leaching the soil-silica sand mixture 
before and after incubation 
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Figure 2. Diagram of the leaching tube and rack used for 
incubation of soil-silica sand mixture 
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group was treated according to the procedure of Stanford and 
Sinith (1972). In this procedure, mineral N initially present 
was removed by leaching with 100 ml of O.Ol M CaCl^ in 5-l0 
Û.1 increments, follo^fed by 25 ml of minus-N nutrient solution, 
and the excess water was removed under vacuum (50 cm Hg). The 
nutrient solution used contained the following composition: 
2 mM CaSO ' 2H^0, 2 mM MgSO^, 5 mM Ca(H^P0^)^'H20, and 2.5 rriM 
K_SO^. The leaching tube was covered with a piece of Saran 
Wrap. A hole (0.5 cm in diameter) was made in the center of 
the Saran Wrap cover for aeration by using a hot glass rod. 
The second combination of a set of field-moist and air-
dried soils in the group (80 tubes) was leached with 100 ml of 
0.01 M CaCl^, but no minus-N nutrient solution was added. The 
first set (the set that received nutrient solution minus-N 
after leaching) was incubated at interv^als (2, 2, 4, 4, 4, 5, 
and 8 weeks) as recommended by Stanford and Smith (1972), and 
'u11e second set (without addition of nutrient solution after 
leaching) was incubated at equal intervals (2 weeks each). 
One group of leaching tubes (80 tubes containing the two sets 
described above) was incubated at 15°C, a second group was 
incubated at 25°C, and a third group was incubated at 35^C. 
Loss of water during incubation was monitored by weighing 
the column and adding deionized water. The leachate thus ob­
tained was made to 125 ml or to lOO m.l with deionized water = 
The volumes of the leachates ranged from. 119 to 122 m.l in the 
Stanford and Smith (1972) procedure and from 95 to 98 ml in 
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the modified version of the procedure. Aliquots of 20 ml, 
using a 20-ml pipette, were taken for analysis of and 
(N02+N02)-N in the initial leaching and of NO^-N in the subse­
quent 1earhings by steam distillation as described by Bremner 
(1965c) and NO2-N by the colorimetric method of Griess and 
Ilosvay as modified by Barnes and Folkard (l95l). After the 
first three leachings, the analysis was limited to the NO^-N 
only as the other forms of N (NH^ and NO^) were not detectable. 
In the enzymatic assays reported, amidase activity was 
assayed by the method developed by Frankenberger and Tabatabai 
(1980) using formamide, acetamids and propionamide as sub­
strates. Amidase activity was assayed in buffered (0.1 M 
tris buffer, pK 8.5) and nonbuffered systems. Glutaminase 
and asparaginase were assayed by procedures similar to the 
method used for amidase, but using glutamine and asparagine as 
substrates, respectively. The buffer used for assay of 
glutaminase and asparaginase activities was 0.1 M tris buffer, 
pK 10. Protease activity was assayed as described by Al-
Khafaji (1978). This method involves determination of the 
peptides and tyrosine released when soil is incubated with 
buffered (0.1 M tris buffer, pH 8.1) sodium caseinate solu­
tion at 50^C for 1 hour. 
All incubations were carried out in duplicates. The analy­
sas reported are averages of duplicate determinations and 
arc' on moisture-free basis, moisture being determ.ined from 
loss in weight after drying at 105^^0 for 24 hours. 
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RESULTS AND DISCUSSION 
The analyses reported in Table 1 indicate that the soils 
used represented a wide range of pH, organic C, total N, 
total S, and total P. Total N ranged from 0.159 to 0.523%. 
The soils were collected from fields that were either under 
grass, soybeans, corn, or forest. Table 1 shows that these 
soils contained low concentrations of NO^-N. The NH^-N 
contents of the soils ranged frojn 2.5 ppm to 10.9 ppm, and the 
NOg-N ranged from 0 to 19.0 ppm. 
Table 2 shows the C/N/p/S relationships in the soils 
studied. The ratio of organic C/total N ranged from 9.4 to 
13.4 (avg.,10.6), total N/organic P ranged from 4.C to 21.0 
(avg., 9.2), total N/total S from 5.1 to lO.l (avg., 7.7), 
total S/organic P 0.6 to 2.3 (avg., 1.2), and organic C/total 
N/organic p/total S ratios ranged from. 94/10/1.7/1.5 to 
134/10/0.9/2.0 (avg., 106/10/1.3/1.4). These ratios are gen­
erally Similar zo those reported for othe^ leiwa ^uils 
(Tabatabai and Brem.ner, 1972; Neptune et al. ; 1975 ; Al-Khafaji, 
1978). The average C/N ratio (10.6) of the soils ased in 
this st.udy, however, is similar to the average C/X ratio re­
ported by Tabatabai and Bremner (1972), bat is lower than the 
C/N ratios reported for soils from, other places; for example, 
14.0 for Scottish soils (Williams et al., 1950), 15.0 for 
Australian soils (Williams and Steinbergs; 1958), 14.5 for 
Oregon soils (Harward et al., 1952), and 19.4 for Brazilian 
Tabla 2. C a ]-lX) 11, n i t ro g en , 
studied 
phosphorus, and sulfur relationships in the soils 
Soi 1 
Org. C/ 
Total N 
Org. 
Total 
C/ 
S 
Org. c/  
Org. P 
Total N/ 
Org. P 
Total N/ 
Total S 
Total 
Org. 
S/ 
P 
Org. C/total N/ 
Org. p/total S 
C3 ar ion. 9.4 64 56 5.9 6.8 0.9 94:10:1.7:1.5 
Downs 9.5 68 61 6 . 4 7.2 0.9 95:10:1.6:1.4 
Nicollet 10.9 »0 44 4.0 7.3 0.6 109:10:2.5:1.4 
Tama 10.4 83 115 11.1 8.0 1.4 104:10:0.9:1.3 
^[uscati no 11 .2 94 73 6.5 8.4 0.8 112:10:1.5:1.2 
A (ne 5; 13.4 6f) 156 11.6 5.1 2.3 134:10:0.9:2.0 
l'aycïtto 10.7 107 10.0 9.2 1.1 107:10:1.0:1.1 
Har{)S 10,2 72 79 7.8 7.1 1.1 102:10:1.3:1.4 
Can.i.stcîo 10.0 80 77 7.6 8.0 1.0 100:10:1.3:1.3 
Okol)o j i : .o.7 108 224 21.0 10.1 2.1 107:10:0.5:1.0 
Average 10.6 8 1 . 5  9 9 . 2  9 . 2  7 . 7  1.2 106:10:1.3:1.4 
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soils (Neptune et al., 1975). Generally, Harmsen and Van 
Schreven (1955) reported a critical C/N ratio of 20 or lower 
for release of mineral nitrogen. 
Figures 3 and 4 shov the relationship between cumulative 
amounts of N mineralized in field-moist and air-dried Downs 
soil incubated at 15, 25, or 35°C and treated (+NS) and not 
treated (-NS) with minus-N nutrient solution, respectively. 
The results reported in Figure 3 were obtained by using the 
procedure described by Stanford and Smith (1972), i.e., the 
soil-sand mixture was leached with O.Ol M CaClg after 2, 2, 4, 
4, 4, 5, and 8 weeks of incubation intervals, and a minus-N 
nutrient solution was added to the mixture after every leach­
ing. The results reported in Figure 4 -were obtained from 
similar experiments, but equal incubation intervals (2 weeks) 
were used and no minus-N nutrient solution was added to the 
soil-sand mixture. Generally, the cumulative amounts of N 
mineralized i j.neaily related with time of incubation at 
15 and 25°C (Figures 3 and 4). This relationship was not 
consistent at 35°C, often was linear but sometimes a curvi­
linear relationship vas obtained. Similar results were ob­
tained with other soils. Other examples of these relation­
ships are reported in Figures 5 and 5 for Muscatine soil and 
Figures 7 and 6 for Harps soil. The curvilinear relationships 
between cumulative amounts of N mineralized at 35°C and time of 
incubation are similar to those reported by Stanford and Smith 
(1972), However, this relationship was m.oie often linear than 
Figure 3. CM;nu)lativo amounts of nitrogen mineralized in field-moist and a.ir-
dri(3d Downs soil ircubated at 15, 25, or 35^0 and treated with minus-N 
nutrient solution (MS) after every leaching in relation to incubation 
t:im(3 ( weeks ) 
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AIR DRIED (+NS) 35°C FIELD MOIST (+NSj 200 
35°C 
17!i 
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100 
f:x_j I L 
25 
INCUBATION TIME (weeks) 
Fianre 4. Cumulative amounts of nitrogen mineralized in field-moist and air-
dried Downs soil incubated at 15, 25, or 35^0 but was not treated with 
minus N nutrient solution (NS) after every leaching in relation to 
incubation time (weiDlcs) 
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l'igure 5. Cumulative amounts of nitrogen mineralized in field-moist and air-
dried Muscatine soil incubated at 15, 25, 35°C and treated with 
minus-N nutrient solution (NS) after every leaching in relation to 
incubation time (wesks) 
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Figuro 7. Cumulative amounts of nitrogen mineralized in field-moist and enr-
drird Harps soi], incubated at 15, 25, or and treated with 
minus-N nutrient solution (NS) after every leaching in relation to 
incubation time (weeks) 
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curvilinear (decreasing rate of N mineralization with time of 
incubation). At 15 and 25°C, the cumulative amount of N 
mineralized was linearly related with time of incubation for 
all the soils studied. The parameters of the linear regres­
sion equations and correlation coefficients (r) for the rela­
tionship between N mineralized and time of incubation when 
minus-N nutrient solution was added to the soil-sand mixture 
after leaching are shown in Table 3. All the relationships 
were significant at F < 0,001. Similar results were obtained 
when no minus-N nutrient solution was added to the soil-sand 
mixture after leaching (Table 4). Under both conditions, with 
or without minus-N nutrient solution, the rates (slopes of the 
regression equations) of N mineralization increased as the 
incubation temperature increased. In general, the rates of N 
mineralization in field-moist soils were similar to those in 
air-dried soils. The basic data collected from the experi­
ments ùciscribed in this part of the work ?_re repnrtpo in Lhe 
Appendix (Tables 15-17). 
Table 5 shows the total cumulative amounts of N mineral­
ized in the soils studied at 15, 25, and 35°C. In general, 
the total amounts of N mineralized in air-dried soils at 15 
and 25°c were greater than those mineralized in field-moist 
soils at the same temperatures. At 35^c, these differences 
were relatively less than those observed at 15 and 25°C. 
The amounts of N mineralized in the soils studied at 15, 
25, and 35°C expressed as percentages of organic N are 
Tiiblo 3. Paramcîtors of regression equations and coj.-relation coefficients (r) for 
the replationshi])s between cumulative nitrogen mineralized in soils in­
cubated ai: th;ce(D temperatures (Y) and time of incubation (X ) 
S o i .1 
Incubation 
temperature 
(C) 
iLoi-j 
FMns 
îrcept SI 
b 
ope 
Correlation 
coefficient (r) 
ADns FMns ADns FMns ADns 
C la)'ion 15 3 . 8  6 . 2  0 . 6  0 . 8  0 . 9 8  0.99 
25 1 2 . 6  11.6 1.4 1.6 0 . 7 9  0 . 9 8  
35 y . 6  2 0 . 5  2.1 2.1 0 . 9 8  0 . 9 9  
Downs 15 5.3 16.4 1.3 1.5 0 . 9 9  0.99 
25 11.1 2 9 . 1  3 . 4  2 . 8  0 . 9 9  0.99 
35 1 8 . 8  4 9 . 8  5.3 4 . 4  0 . 9 9  0.98 
Nicol1et .1 5 0.2 9 . 4  0.3 0 . 6  1.00 0.97 
25 0.4 1 8 . 2  0 . 9  1.1 1 . 0 0  0.97 
35 0 . 2  2 7 . 3  2.1 1.9 0 . 9 6  0.97 
Tama 15 1.0 4 . 2  1.0 0 . 9  0 . 9 9  0.99 
25 8 . 4  2 9 . 4  2 . 5  2 . 6  0 . 9 8  0.97 
35 19.0 3 4 . 9  4.1 4.1 0 . 9 8  0.99 
^FM, fiel(il-moist soil; AD, air-dried soil. The minerail N produced was re­
moved ]3y 0.02 M CaCl? and the soil was treated with a nutrient solution devoid of N 
(Stanford and Smith, 1972). 
^Rate of N mineralization (|ig N/g soil/week). 
^Significant at P < 0,001. 
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Tab l.o 4 . Parameters of regression equations and correlation coefficients (r) for 
the relationships between cumulative nitrogen mineralized in soils in­
cubated at three temperatures (Y) and time of incubation (X)^ 
.Soi 1. 
Incubâtion 
temoerature 
( c )  
Int erceot Slope^ 
Correlation 
coefficient (r) 
I'M AD FM AD FM AD 
Cla rion 15 0.8 5.0 0.5 0.7 1.00 0 . 9 8  
25 : ; . 6  11.9 1 . 3 1.5 0 . 9 9  0 . 9 9  
35 6 . 9  19.5 2.7 2.5 1.00 0.99 
Downs 15 2 . 3  15.5 1.1 1.3 0 . 9 9  0 . 9 9  
25 10.0 15.9 3.5 1.6 0 . 9 9  1.00 
35 2 6 . 0  4 3 . 4  5.3 4 . 8  0 . 9 9  0.99 
Nicollet. 15 0.7 9.5 0.3 0.6 0 . 9 8  0.98 
25 3 . 8  15.1 1.2 1.4 0 . 9 9  0.99 
35 6.0 2 8 , 7  3 . 6  2 . 4  0 . 9 8  0.98 
Tama 15 0.5 8 .  8  0.9 0 . 8  1.00 0.98 
25 9.7 2 2 . 9  2 . 8  2.6 0 . 9 9  0.99 
3 5 16.7 4 5 . 0  5.2 4 . 3  0 . 9 8  0 . 9 8  
field-moist soil; A D ,  air-dried soil. The mineral N produced was re­
moved by 0.01 K CaC]y and the soil was not treated with nutrient solution devoid of 
N. 
^Rate of K mineralization (jig N/g soil/week) . 
^'Signi-ficant at P < 0.00] , 
Tab.lo 4 . (Continued) 
Incubation int,.rcept 
temi3C!rature 
S o i l  ( C )  F M  A D  
Muscatino 15 • .1.. 1 7.9 
2 5  7 . 1  2 3 . 3  
35 19.8 47.7 
Ames 15 -l:).0 19.3 
2 5  0 . 3  3 8 . 1  
3 5  3 3 . 1  5 5 . 4  
I'ayi^tt e 15 -.;5.4 1/.7 
2 5  - 9 . 7  2 0 . 7  
3 5  W . 3  7 1 . 4  
Harps 15 -1.1 6.8 
2 5  - 4 . 2  6 . 9  
3 5  3 . 7  3 2 . 0  
Cani-steo 15 -7.0 4,5 
2 5  - 3 . 9  2 6 . 1  
35 1 4 . 4  60.5 
Okobo j i 15 
2 5  
35 
-7.0 
1.7 
12.6 
10.3 
41.1 
6 2 . 7  
Correlation 
Slope coefficient Cr)_ 
FM A D  FM AD 
0.9 0.9 1 . 0 0  0 . 9 8  
2 . 7  2 . 4  1 . 0 0  0 . 9 9  
5.1 4.5 0 . 9 9  0 . 9 8  
1.3 1.0 0 . 9 9  0 . 9 8  
3 . 7  2 . 9  1.00 0 . 9 9  
5.4 4.4 0 . 9 6  0.98 
0.5 1.2 0 . 9 6  1 . 0 0  
7 . 4  5.0 1 . 0 0  1.00 
9 . 2  8.1 0 . 8 6  0 . 9 8  
0.4 0.5 0.97 1.00 
2 . 5  3 . 2  0 . 9 8  1 . 0 0  
4.6 4 .1 0 . 9 9  0 . 9 9  
1.5 1.4 0 . 9 9  1 . 0 0  
5.0 6.3 0.99 0.99 
8 . 9  7.8 0 . 9 9  0.99 
2 . 0  1.4 0 . 9 9  0.99 
5.7 5 . 2  0 . 9 9  0 . 9 8  
1 0 . 2  8.7 0 . 9 4  0.99 
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Table 5. Cumulative amounts of nitrogen mineralized in field-
moist and air-dried soils incubated at 15, 25, or 
35°C for 30 weeks 
Cumulative amounts of organic N 
' mineralized under the conditions 
Soil (C) FMns ADns FM AB 
Clarion 15 2 2  34 1 8  2 4  
25 4 9  57 40 56 
35 6 8  79 85 90 
Downs 15 41 59 35 40 
25 109 110 107 72 
35 171 190 177 173 
Nicollet 15 8 25 9 2 9  
25 2 8  4 9  41 5 8  
35 6 4  79 101 IQI 
Tama 15 31 2 9  25 33 
25 79 105 9 2  97 
35 135 151 1 5 8  1 6 8  
Muscatine 15 30 37 2 6  35 
25 75 8 8  87 95 
35 125 1 3 8  161 172 
Ames 15 4 0  3 8  35 4 9  
25 116 153 107 1 2 3  
35 167 159 177 179 
2 5 29 4 8  50 58 
25 Ibl 1 5 j  176 174 
35 256 262 281 297 
Harps 15 19 23 14 2 7  
25 75 95 71 101 
35 154 164 137 153 
Canisteo 15 4 9  61 41 46 
25 144 219 159 205 
35 27l 314 273 283 
Okoboji 15 35 41 54 53 
25 157 173 155 183 
35 272 267 304 322 
°FN, f ield-moist soil; AD , air-dried soil. Ti 10 mineral 
M produced vas removed by 0,01 M CaCl? and when indicated 
(ns) the so il was trea ted with a nutrient solution devoid of 
A- ''C-« . ^  ^ Ccxxs^ iliu- J. ^ 1972) 
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Table 5. Percentage of organic nitrogen mineralized in the 
soils studied 
Percentage of organic N mineralized 
under the conditions specified^ 
Soil (C) ADns FM AD 
Clarion 15 1.4 2.1 1.1 1.5 
25 3.1 3 . 6  2.5 3.5 
35 4 . 3  5.0 5.3 5.7 
Dovns 15 2.1 2.9 1.7 2 . 6  
25 5.5 5.5 5 . 4  3 . 6  
35 8 . 6  9.5 8 . 9  8.7 
Nicollet 15 0 . 4  1.4 0.5 1.6 
25 1.5 2.7 2 . 3  3.2 
35 3 . 5  4 . 3  5.5 5.5 
Tama 15 1.6 1.5 1.3 1.7 
25 4 . 0  5.4 4.7 4.9 
35 6 . 9  7.7 8.1 8 . 6  
Muscatine 15 1.3 1.6 1.1 1.5 
25 3 . 2  3 . 8  3.7 4.1 
35 5.4 6 . 0  7 . 0  7 . 4  
Ames 15 1.8 1.7 1 . 6  2 . 2  
25 5 . 2  6 . 9  4 . 8  5.6 
35 / .5 7 . 2  8 . 0  8.1 
Fayette 15 1.0 1.7 0 . 6  2 . 0  
25 5.6 6 . 4  6.1 6 . 0  
35 8 . 9  9.1 9 . 7  10.3 
Harps 15 0.5 0.6 0 . 4  0 . 7  
25 2.1 2 . 6  1.9 2 . 8  
35 4 . 2  4.3 3. 8 4 .2 
Canisteo 15 1 n 1.3 0 . 9  1.0 
25 3.1 4'.7 3.4 4 . 4  
35 5, S S , S 5 . 9  6.1 
Okoboj i 15 0.7 0 . 8  1.0 1.0 
2 5  3 . 0  3.3 3 . 2  3.5 
35 5.2 5.1 5. 8 6.2 
^FM, field-moist soil; AD , air-dried soil. The mineral 
N produced was removed by O.Ol M CaClo and when indicated (ns 
the soil was treated v J. UX 1 1 1C4. V.^4- lent soi-ution devoid o 1 N 
(Stanford and Smith, 1 9 7 2 ) .  
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shown in Table 6. In general, the percentages of organic N 
mineralized in air-dried soils were higher than those in field-
moist soils. The addition of minus-N nutrient solution to the 
soil column after every leaching period did not show any con­
sistent effect on N mineralization. The data obtained in this 
study (Table 5) show that about 1-2% of organic N was miner­
alized at 15°C, about 2-5% was mineralized at 25°C, and about 
5-10% was mineralized at 35°C in the lO soils studied. 
Table 7 shows the Q^q values calculated for N mineraliza­
tion at 25 and 35°C. Although there was no general trend in 
values for N mineralization in air-dried and field-moist 
soils, the Q^g values for 25°C were always higher than those 
for 35°C, indicating that N mineralization in soils is not 
linearly related to temperature. The Q^q values for 25°C 
were < 2 for air-dried Clarion and Downs soils (+NS), other­
wise, they were > 2 for most of the soils and varied greatly 
for ficld-mcist and and -NS). The Q. r\ 
J-V-/ 
values for N mineralization at 35°C were always 2 or < 2 
and they were less variable among field-moist and air-dried 
samples (both -NS and -NS). The variation in Q^q values for 
N mineralization at 25 and 35°C explains the observed differ­
ence in Q^ Q values reported by Stanford et al. (1973a) and 
Al-Khafaji (1978). Stanford et al. (1973a) reported Q-, q 
values of 1.9, 1.8, and 1.8 for temperatures from 5 to 15, 
15 to 25; and 25 to 35°C; respectively, after pooling the 
results of 11 soils. Al-Khafaji (1973). however, reported 
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Table 7. Temperature coe 
in soils 
fficients of nitrogen mineralization 
Incubation 
temperature 
(c) 
QlO of 
the 
N mineralization under 
conditions specified^ 
Soil ir'Mns Auns r H AD 
Clarion 25 
35 
2.3 
1.4 
1.7 
1.4 
2.3 
2.1 
2.3 
1.6 
Dovns 25 
35 
2.7 
1.5 
1.9 
1.7 
3.1 
1.6 
1.8 
2.4 
Nicollet 25 
35 
3.5 
2.3 
1.9 
1.6 
4.4 
2.4 
2.0 
1.7 
Tama 25 
35 
2.6 
1.7 
3.6 
1.4 
3.7 
1.7 
2.9 
1. / 
Muscatine 25 
35 
2.5 
1.7 
2.4 
1.6 
3.3 
1.9 
2.7 
1.8 
Ames 25 
35 
2.9 
1.4 
4.0 
1. 0 
2.9 
1.6 
2.5 
1.5 
Fayette 25 
35 
5.5 
1.5 
3.8 
1.4 
3.5 
1.6 
3.0 
1.7 
Harps 25 
35 
4.0 
2.0 
4 .1 
1.7 
5.1 
1.9 
3.7 
1.5 
Canisteo 25 
35 
3.0 
1.9 
3.6 
1.4 
3 . b 
1.7 
^ . 4 
1 .4 
Okobo j i 25 
35 
4.4 
1.7 
4.2 
1.5 
3.1 
1.8 
3 . 5 
T O 
Average 25 
35 
3.3 
1.7 
3.1 
1.5 
3.5 
1. S 
2.9 
1. 7 
_ nitrocen mineralized at T -r lO^C ^^_ 
10 nitrogen mineralized at T °C ' 
moist soil; AD, air-dried soil. The mineral produced vas 
removed by 0.01 M CaCl2 and vhen indicated (ns) the soil was 
treated vith a nutrient solution devoid of N (Stanford and 
Smith, 1972). 
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Q^q value of 3 for temperature from 20 to 35°C. The higher 
value obtained by Al-Khafaji (1978) for N mineralization 
in soils compared with those reported by Stanford et al. 
(1973a) seems due ro rhe tempera'cure range used to calculate 
the Q Q, because the results obtained in my vork (Table 7) 
indicate that N mineralization is not linearly related to 
temperature of incubation. 
Because soils contain amide-N (asparagine and glutamine) 
(Sowden, 195 8) that may contribute significantly to the N 
mineralized and because recently amidase was detected in 
soils (Frankenberger and Tabatabai, 1980), in this work the 
possible relationship between amidase, asparaginase, or 
glutaroinase activity values obtained by using nonbuffer and 
buffer methods and the rate of N mineralization under aerobic 
conditions was studied. Figure 9 shows that amidase activity 
obtained with the nonbuffer method was significantly correlated 
with the rate of in air-dried soils ( + :-:S and 
-NS) at 35°C= This relationship was similar using the three 
substrates: formamide (A), propionamide (B), and acetamide 
(C) (Figure 9). Similar relationships were found with amidase 
activity values obtained with the buffer method, but the r 
values of this relationship were generally lower with amidase 
activity using the buffer method as compared with those ob­
tained with the nonbuffer method (Figures 9 and lO). 
Although the soils studied contained much higher 
glutaminase activity as compared with asparaginase activity 
Figure 9. Relationship between rate of nitrogen miner­
alization at 35°C in air-dried soils and amidase 
activity obtained with a nonbuffer method at 
30°C. Amidase activity values are expressed in 
ug NH4-N released/g soil/2 or 24 hours when 
formamide (A) or propionamide (B) and acetamide 
(C) was used as a substrate, respectively. The 
soil column was treated (+NS) or not treated 
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Figure lO„ Relationship between rate of nitrogen miner­
alization at 35°C in air-dried soils and 
ami.dase activity obtained with a buffer method 
at 30°c. Amidase activity values are expressed 
in Li g released/g soil/2 or 24 hours when 
formamidé (A) or propionaraide (B) and acetamide 
vC) vas used as a substrate, respectively. The 
soil column was treated (-rNS) or not treated 
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(Figures 11 and 12), both activities were significantly 
correlated with the rate of N mineralization in air-dried 
soils (+NS and —NS) ^t 35 C. The significant relauionship 
rate of N mineralization and amidase, glutaminase, 
or asparaginase activity, and the reported presence of 
amide-N in soils (Sowden, 1958) suggests that these enzymes 
are involved in mineralization of organic N in soils. 
Table 8 shows the correlation coefficients (r) for paired 
relationships between different soil chemical and biochemical 
properties and cumulative or rates or percentage of N min­
eralized in soils. Statistical analysis showed that organic 
C was significantly correlated with cumulative amounts of N 
mineralized. This relationship was most highly significant 
for the N mineralized at 35°C. While this relationship was 
significantly correlated for the cumulative amounts of N 
mineralized in field-moist and air-dried soils at 15°C and 
leaching, this relationship was not significantly correlated 
when minus-N nutrient solution was added to the soils after 
every leaching (Table 8). Soil pH, in general, was not sig­
nificantly correlated with cumulative or with percentage of N 
mineralized at 15, 25, or 35^C. Bur similar to the relazion-
xvc c. c: d 1 i L v c uwu-cij» 
W _i_ t.. 1 A VAI C la-w^iC-L 
:=) -r n (4 35^1^ crn on vol r-, crVi 4 -r^ o oiVn-*- n t P / V 
1 r-, ct- /D T) v «-v ^ r-, i /—* v- AT 
Figure 11. Relationship between rate of nitrogen miner­
alization at 35°C in air-dried soils and 
glutaminase or asparaginase activity obtained 
with a nonbuffer method at 30°C. Glutaminase 
and asparaginase activity values are expressed 
in ag NK^-N released/g soil/2 hours when 
glutaminé (A) and asparagine (E) were used as 
substrates, respectively. The soil column was 
treated (-i-MS) or not treated (-NS) with minus-N 
nutrient solution 
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Figure 12. Relationship between rate of nitrogen miner­
alization at 35°C in air-dried soils and 
glutaminase or asparaginase activity obtained 
with a buffer method at 30°C. Glutaminase and 
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(A) and asparagine (B) were used as substrates, 
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Table 8. Simple correlation coefficients (r) for paired 
relationships between different soil chemical and 
biochemical properties and cumulative or rates 
or percentage of N mineralized in the soils studied 
Correlation 
coefficient 
Relationship Condition^ (r) 
Organic C vs cumulative N AD 0.64* 
mineralized at IS^C ADns 0.27 
FM 0 . 6 6 *  
FMns 0.42 
vs cumulative N AD 0.84** 
mineralized at 25^0 ADns 0.74* 
FM 0 . 7 0 *  
FMns 0.70* 
vs cumulative N AD 0.80** 
mineralized at 35°C ADns 0.78** 
FM 0.79** 
FMns 0.81** 
Soil pH vs cumulative N AD 0.03 
mineralized at 15°C ADns -0.12 
FM —0.0007 
FMns 0.049 
vs cumulative N AD 0.54 
mineralized ?-t 2=^0 ADns 0.45 
FM 0.40 
FMns 0.31 
vs cumulative N AD 0.45 
mineralized at 35°C ADns 0.47 
F M  0 . 4 3  
FMns 0.46 
^FM, field-moist soil; AD, air-dried soil. The mineral 
N produced vas removed by O.Ol M CaCl2 and vhen indicated 
(ns) the soil was treated with a nutrient solution devoid of 
N (Stanford and Smith, 1972). 
*,**Significant at P < 0.05 and F < 0.01, respectively. 
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Table 8. (Continued) 
Correlation 
coefficient 
Relationship Condition (r) 
Soil pH vs % organic N AD -0.52 
mineralized at 15°C ADns -0.77** 
FM -0.55 
FMns -0.52 
vs % organic N AD 0.03 
mineralized at 25°C ADns -0.09 
FM -0.09 
FMns - 0 . 2 5  
vs % organic N AD -0.14 
mineralized at 35°C ADns -0.12 
FM -0.18 
FMns -0.09 
Total N vs cumulative N AD 0.41 
mineralized at 15°C ADns 0.32 
FM 0.53* 
FMns 0.40 
vs N cumulative N AD 0.83** 
mineralized at 25°C ADns 0.71* 
F M  0 . 6 8 *  
F M  0 . 6 8 *  
vs T\T ^ AD 0.79** 
mineralized at 35°C ADns 0 . 8 0 * *  
FM 0.77** 
FMns 0.81** 
C/N ratio vs cumulative N AD 0.32 
mineralized at 15°C ADns -0.18 
FM 0.18 
FMns 0.07 
vs cumulative N AD 0.25 
mineralized at 25°C ADns 0.28 
FM 0.23 
FMns 0.23 
vs cumulative N AD 0.21 
mineralized at 3 5 ° C  ADns 0.07 
FM 0.23 
84 
Table 8. (Continued) 
Correlation 
coefficient 
Relationship Condition (r) 
Protease vs rate of N AD 0.44 
activity mineralized at IS^C ADns -0,05 
FM 0.37 
FMns 0 . 7 2 *  
vs rate of N AD 0.58 
mineralized at 25°C ADns 0.59* 
FM 0.58 
FMns 0.64* 
vs rate of N AD 0.44 
mineralized at 35°C ADns 0.55 
FM 0.44 
FMns 0.51 
activity was significantly correlated with the rates of N 
mineralization under certain conditions but not others, 
indicating that protease activity is not one of the major 
involved in mineralization of N in soils. 
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PART II. NITROGEN MINERALIZATION IN SOILS 
UNDER WATERLOGGED CONDITIONS 
86 
INTRODUCTION 
Both short- and long-term aerobic incubation techniques 
have been proposed to obtain an index for the availability of 
soil N to plants and to estimate the mineralizable N pool in 
soils (Campbell, 1978). The inherent problems associated with 
both techniques as reported by Harmsen and Van Schreven (1955), 
Waring and Bremner (1954), and by Bremner (l955d) have en­
couraged soil scientists to develop alternative methods with 
the aim to eliminate these problems and to develop incubation 
methods for estimating mineralizable N that are suitable for 
routine analysis of soils. Waring and Bremner (1964) de­
veloped a method for the quick estimation of the ammonium 
produced by incubation of soils for 2 weeks at 30^C under 
waterlogged conditions as an index of plant available N. 
As all biochemical processes in soils are performed by 
living microorganisms, enzyme activities in soils play a major 
role in N mineralization. Work to investigate the biochem­
istry of waterlogged soils in relation to the different forms 
of N was initiated as early as 1920 when Subrahmanyan (1927 
a,b) reported that waterlogging of soils led to the produc­
tion cf ammonium and that the agent responsible for ammonium 
production is enzymatic in nature. The deaminases have been 
suggested by Subrahmanyan (1927b) as the enzymes involved in 
the ammonium production in waterlogged soils. Examples of 
deamination reactions are reported in the work of Barker 
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(1951) and Doelle (1959). 
Although numerous studies have been reported on soil 
enzymes (Skujins, 1975), little information is available on 
the 0"Z'^'matic activities invol'^^ed in the h"^^drol'^si-S of arp.id'?s 
in soils. Amides have been reported by many workers as po­
tential N fertilizers (Brown and Reids, 1937; Jones et al., 
1966; Loftis and Scarbrook, 1959) and the existence of amides 
in soil organic matter has been indicated by Bremner (1955) 
and Parsons and Tinsley (1975). Moreover, Sowden (1958) re­
ported on the amounts of amide-N (as glutamine and asparagine) 
in soil. His data lend support to the hypothesis that a 
certain percentage of the NH^-N formed during acid hydroly­
sis, equal to or nearly equal to the sum of the glutamic 
acid-N plus asparatic acid-N, is derived from glutamine and 
asparagine. This, however, indicates a sizable proportion of 
the ammonium produced during incubation of soils under water-
iocjcj'sc Condi, il ions COLIJ-Q DS BCcou-ntLSo ^oir b.s c.u.0 ~o snzvrrL^.tii.c 
activities, mainly amidase, glutaminase, and asparaginase 
activities. Recent work at Iowa State University (Franken-
berger and Tabatabai, 1980) has recognized the existence of 
amidase activity in soils. The assay conditions and the 
kinetic parameters for amidase activity in soils have been 
^300^**^ v» V— /—« o I ^ O O "C" /-V 1 -1 1 4— ^ pv> -I \ \ «-s /J C V- —> <—. \ -• W-. C4.ii\_A ^ J. J- o V-/-. ^ i. i tx o C4.XiV-A C*. O C*. J- O.-i-1 i C4. O _L 
is scanty. However, work for the assay of both enzymes in 
c:r>";1c: n cr +-V\o T\ r-s— TO-
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noteworthy that Russian workers (Koloskova and Martazina, 
1978) have reported reliable relations between asparaginase 
activity and the readily hydrolyzable N in soils. 
The objective of this part of the in^^est inn -wAs to 
study the relationship between activities of the above men­
tioned enzymes and N mineralization in soils under water­
logged conditions. An additional objective was to study the 
relationship between the amounts of N mineralized in soils 
incubated under waterlogged conditions and those mineralized 
under aerobic conditions. 
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DESCRIPTION OF METHODS 
The soils used (Table 9) were surface (0-15 cm) samples 
selected to obtain a wide range in properties. 
Ammonium production under waterlogged conditions was 
determined according to the procedure of Waring and Bremner 
(1964). In this procedure, 12.5 ^  1 ml of water were placed 
in a 16 mrri x 150 mm. test tube, and 5 g of air-dried, 
sieved (<2 ;nrri) soil were then added. The tube was then 
stoppered and placed in a constant temperature incubator at 
30°C for 14 days. At the end of this period, the tube was 
shaken for 15 seconds and the contents were transferred to 
lOO-ml distillation flask designed for use with the steam 
distillation apparatus described by Bremner (1965c). The 
transfer was completed by rinsing the test tube 3-4 times 
with 3-5 ml of 4 N KCl using a total of 12.5 + 1 ml of this 
reagent. Then 0.2 g of heavy, carbonate-free MgO was added. 
The amount of NH^-N in the incubated soil sample was deter­
mined bv collection and titration of the NH^-N liberated bv 
steam distillation of the soil-potassium chloride mixture for 
4 minutes using the steam distillation apparatus and technique 
described by Bremjier (1965c). 
Conrrols were performed by determining the amount of 
NH^-N present in the sample before incubation by the procedure 
used 'or analysis of the incubated sample. Mi.neralizable N 
was calculated from the difference between the results of the 
O'ab.lc 9. Proporl ios oi soils js'od 
Soi % 
Sor Les Su'jgroup Vegetatio 
Th L! cinan Udorthetitic H.;ipli,istol 1 -
Che Lscii A1 f ic Udipsaminent Corn 
S Lordcn Typj.c IJdorthenb Grass 
Hagnoi' En t ic 11 ap 1 udo 11 — 
Lester Mo 11 i c M ap .1 ud a 1 f Grass 
(; la irion Typic Hapludoll Soybean 
Ida Tyjoic Udorhlient Grass 
Downs Mo 11 i c 11 ap 1 ud ..i 1 f Soybean 
Nic()ll(Dt Aquic Hapludoll Grass 
Tama Typic Argiudoll Oats 
Webster TyjDic Haplaquo] 1 -
Muscatine Aqi.nc Hapludoll Soybean 
Ames TyjDic Albaqualf Forest 
l'a yet to TyjDi.c Hapludalf Grass 
Har))s Ty]]ic Calcifiquoll Grass 
Canisteo Ty])ic Haplaquoll Grass 
Okoboj i Cumul ic Haplac^uo], L Grass 
Organic Total Clay Sand 
p H  C ,  %  N ,  %  %  %  
7.1 0 . 4 7  0 . 0 4 6  5 93 
7.2 0 . 6 4  0 . 0 5 7  4 9 3  
8 . 3  0 . 7 0  0.043 2 2  40 
6 . 4  0 . 9 2  0.093 13 6 4  
6 . 4  1  .  2 6  0.115 17 19 
5.9 1.50 0 . 1 5 9  19 5 3  
8 . 0  1.57 0 . 1 4 7  2 7  3 
5.0 1.91 0 . 2 0 2  2 9  5 
6.7 2 . 0 G  0.183 2 2  4 4  
7 . 5  2 . 0 4  0.197 2 9  3 
6.5 2 . 1 9  0 . 2 5 0  2 6  39 
7 . 3 2 . 6 0  0 . 2 3 3  3 0  3 
6.7 2 . 9 9  0 . 2 2 3  1 0  57 
7.5 3 . 0 8  0 . 2 8 9  26 3 
7.9 3 . 7 3  0 . 3 6 7  2 8  30 
7.8 4.66 0 . 4 6 4  3 2  2 3  
7.1 5 . 5 9  0 . 5 2 3  36 15 
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two analyses. 
Amidase, glutaminase, and asparaginase activities 
were assayed and described in the,section on the description 
of mecliods in Part I. 
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RESULTS AND DISCUSSION 
Table 9 shows some chemical and physical properties of 
the 17 Iowa surface soils used in this part of the work. In 
the chemical properties studied, the pH values ranged from 
5.8 to 8.3, organic C from 0.47 to 5.59%, and total N from 
0.043 to 0.523%. The clay contents ranged from 4 to 35% 
and the sand contents ranged from 3 to 93%. 
The amounts of N mineralized under waterlogged condi­
tions were highly significantly correlated (r = 0.72***) 
with percentage of organic C in soils (Figure 13), The corre­
lation studied between amidase activity (ag produced/g 
soil/2 or 24 hours) and the NH^-N produced by incubation of 
soils under waterlogged conditions at 30°C for 14 days are 
shown in Figures 14-19. Highly significant relationships 
were found between the amounts of NH^-N produced by incuba­
tion of soils under waterlogged conditions and amidase ac­
tivity obtained by the nonbuffer method using formamide, 
propionamide, or acetamide as a substrate (Figures 14, 16, 
and 18). The correlations were highly significant at P < 
O.OOl level with each of the amidase substrates tested, the 
correlation coefficients (r) for these relationships being 
0.87***, 0.81***, and 0.88*** by using formamide, propi-
onamide, and acetamide as substrates for assay of amidase 
activity, respectively. The square of the correlation 
coefficients (r^) indicated that amidase activity can predict 
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Figure 19. Relationship between nitrogen mineralized 
under waterlogged conditions and amidase 
activity in soils. Amidase activity values 
(ug NH4-N proGuced/g soil/24 hours) were ob­
tained by a buffer method using acetamide as 
a substrate 
lOO 
76%, 56%, and 77% of the variability observed in N mineral­
ization under -waterlogged conditions when amidase was assayed 
by a nonbuffer method using formamide, propionamide, and 
acetamide as substrates, respectively (Figures 14, 16 and 
18). The correlation coefficients (r) for this relationship 
using the same substrates but assaying amidase by the buffer 
(0.1 M THAM, pH 8.5) method were; 0.83*** with formamide, 
0.84*** with propionamide, and 0.80*** with acetamide (Figures 
15, 17, and 19). The similarity between N mineralization and 
amidase activity by the nonbuffer method with those obtained 
for the same relationship but with the buffer method indi­
cates the soil reaction does not interfere significantly in 
production of NH"^-N from native amidase substrates in the 
soils studied. 
Similar to the relationship between N mineralization 
under waterlogged conditions and amidase activity values ob-
•i-pinpo by the nonbuffer or the buffer method, M mineralization 
was highly significantly correlated with asparaginase activity 
by the nonbuffer method (r = 0.77***, Figure 20), asparaginase 
activity by the buffer method (r = 0.81***, Figure 21), 
glutaminase activity by the nonbuffer method (r = 0.80***, 
Figure 22), and with glutaminase activity by the buffer 
method (r = 0.62***, Figure 23). 
The highly significant correlation between N mineraliza­
tion and asparaginase and glutaminase activities are not 
uncxpecrec because aspartic and glutamic acids are two of the 
Figure 20. Relationship between nitrogen mineralized under 
waterlogged conditions and asparaginase activity 
in soils. Asparaginase activity values (ag 
NH^-N produced/g soil/2 hours) were obtained by 
a lionbuffer method using asparagine as a 
substrate 
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Figure 21. Relationship between nitrogen mineralized under 
waterlogged conditions and asparaginase activity 
in soils. Asparaginase activity values (j.g 
NH^-N produced/g soil/2 hours) were obtained by 
a buffer method using asparagine as a substrate 
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Figure 22. Relationship between nitrogen mineralized under 
waterlogged conditions and glutaminase activity 
in soils. Glutaminase activity values (p.g 
NH^-N produced/g soil/2 hours) were obtained by 
a rionbuffer method using glutamine as a 
substrate 
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Figure 23. Relationship between nitrogen mineralized under 
waterlogged conditions and glutaminase activity 
in soils. Glutaminase activity values (ug 
NH^-N produced/g soil/2 hours) were obtained by 
a buffer method using glutamine as a substrate 
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dominant acids in soil hydrolysates and there is a possi­
bility that they originally are present in soils as their 
amides, i.e., asparagine and glutamine (Parsons and Tinsley, 
1975} and they could account for significant a-cunts of the 
NH. produced under waterlogged conditions. Moreover, Sovden 
(19 58) reported that 7.1 and 9.5% of the total N in one 
Canadian soil was aspartic acid and glutamic acid, respec­
tively. Sowden (195 8) also showed that these forms of N de­
creased with depth in one Canadian soil profile he studied. 
Also, significant relationship, at P < O.Ol, has been re­
ported by Koloskova and Murtazina (197 8) between asparaginase 
activity and mineral N (r = 0,54) and readily hydrolyzable N 
(r = 0.80) in soils, suggesting that asparaginase is involved 
in hydrolysis of native soil organic N. 
The use of amidase, asparaginase, and glutaminase ac­
tivities in predicting plant available N in soils deserves 
inves-ig-^^nn. bpcause recent work by Dclmat et al. (1980) 
indicates that, among several methods they evaluated, the 
best predictor of rice yield was the anaerobic (waterlogged) 
incubation method used in this work. The results obtained in 
this part of my work showed that the NK^ produced by this 
waterlogged incubation method is significantly correlatea 
with activity of these enzymes. The N mineralization under 
waterlogged conditions, however, was significantly correlated 
with X mineralization under aerobic conditions, especially 
Table 10. Parameters of linear regression equations and correlation coefficients 
(r) for paired relationships between NII4-N produced under waterlogged 
conditions (ug/g soil/l4 days) at 30°C and cumuJ.ative amounts of N 
mJnciralixed (iig/g soil/week) under aerobic conditions at temperature 
indicated in 10 soi]s 
NH^-N produced under waterlogged 
conditions at 30°C 
vs 
Cumulative N mineralized under 
aerobic conditions and 
temperature C^c) indicated FMns ADns 
Condition" 
FM AD 
15°Cj 
Correlation coefficient 
]ntercept 
Slope 
(r) 0.58 
19.0 
0.2 
0,63* 
25.9 
0.2 
0.95*** 
7.5 
0.4 
0.92*** 
21.9 
0.3 
25°C: 
Correlation coeffici.eni: 
]. nt ercept 
S lope 
(r) 0.97*** 
26.7 
1.2 
0.99*** 
40.0 
1.3 
0.96*** 
27.1 
1.2 
0.89*** 
42.3 
1.2 
35^'C: 
(Correlation cocîfficient (1:) 
Intercept 
Slope 
0.93*** 
50.8 
1.9 
0.88*** 
66.5 
1.8 
0.94*** 
6 8 . 0  
1.9 
0.93*** 
72.0 
2.0 
''FM, field-moist soil; AD, air-dried soil. The mineral N produced was removed 
by O.Ol M CaCl') and when indicated (ns) the soil was treated with a nutrient solu­
tion devoid of N (Stanford and Smith, 1972). 
* **Significant at P < 3.05 and P < O.OOl, respectively. 
Ill 
when the results for the latter are obtained at incubation 
temperatures of 25 and 35°C (Table 10). 
112 
PART III. NITRATE REDUCTASE IN SOILS 
113 
INTRODUCTION 
Denitrification in soils has traditionally been con­
sidered an unfavorable process by agriculturists as it causes 
the loss of an available plant nutrient (NO^) in the form of 
N2O and . In recent years, it has received attention for 
its possible beneficial role in reducing the N content of 
agricultural drainage waters (Gilliam et al., 1974), and 
becsuse it helps to prevent the contamination of drinking 
water by NO^ and the pollution of water bodies by excessive 
growth of aquatic plants (Kohl et al., 1971; Ponnamperuma, 
1972) .  
Today, higher fertilizer prices and limited supplies have 
stimulated the interest in deriving more quantitative values 
for denitrification losses and elucidating the environmental 
factors that control these losses with the hope that they 
might be managed properly (Tiedje, 1978). In addition to 
that, Tiedje (1978) regarded denitrification as the least 
understood transformation in the N cycle and he attributed 
this to the lack of sensitive and quantitative techniques 
for measurement of denitrification in nature. In his article 
nn denitrification in soils, Tiedje (1978) listed the methods 
commonly used to quantify denitrification in soils and indi­
cated the limitations of each of them on the basis of pre­
cision, experimental vessels used, operation and competition 
reactions associated with them. 
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Denitrification proceeds according to the following 
reaction; 
_ E - ^2 ^3 
NOq ^ NO2 ^ N^O • 
where E^ is nitrate reductase which catalyzes the reduction 
of NO" to N02> ^2 nitrite reductase which catalyzes the 
reduction of NO^ to N2O, and is nitrous oxide reductase 
which catalyzes the reduction of N2O to N2. Because NO2 
does not normally accumulate in soils, it appears that nitrat 
reductase (E^) is the rate-limiting step in the overall 
process of denitrification in soils. 
In his article. Tiedje (1978) showed support to the 
acetylene (CgHg) blockage method in which C2H2 is used to in­
hibit N2O reductase (Balderston et al., 1975; Yoshinari and 
Knowles, 1976), and to the use of radioactive isotope of 
1 3 
nitrogen, N, as NOg (Gersberg et al., 1975). Paul and 
Victoria (1977) criticized the acetylene blockage technique 
favored by Tiedje (197 8) on the ground that N2O is not gen­
erally the rate-limiting step in the denitrification process 
Cooper and Smith (1953) working with alkaline soils have 
indicated that in alkaline soils NO- accumulates under water 
logged conditions bccuasc its removal (nitrite reductase) is 
the rate-limiting process for denitrification. 
To elucidate the question of denitrification in soils, 
a technique based on gamma (y) irradiation of soils to evalu 
ate the importance of some soil physical and chemical factor 
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on the extent of NO^ formation after irradiation has been 
adopted by Cawse and Crawford (1957), Cawse and White, 
1959a,b) and Cawse and Cornfield, 1969, 1971, 1972). Cawse 
and Cornfield (l97l) found that the extent to which NO^ 
accumulated in 15 fresh English soils following Y"irradiation 
in the region of 0.75 Mrad was influenced by factors such as 
moisture, temperature, aggregate size, conditions of storage 
before use and sterilization by autoclaving, and that the 
reduction is carried out by radioresistant enzyme systems 
(nitrate reductase) of denitrifying organisms which can no 
longer proliferate. 
While substantial information is available about the 
nitrate reductase activity in plant tissues, investigations 
on the activity of this enzyme in soils is hampered by the 
lack of sensitive and quantitative techniques for measurement 
of the denitrification rate in soils. The use of photosyn-
thetic and nonphotosynthetic inhibitors for assay of 
assimilatory nitrate reductase activity in plants is well-
documented (Klepper, 1974). The most recent work in this 
respect is the inhibition of the assimilatory nitrite reduc­
tase activity in plant tissue for long enough by using 2,4-
dinitrophenol {DNP) to allow tiie activity of nitrate reduc­
tase to be assayed (Klepper, 1975, 1976), According to the 
author, the energy required for nitrite reduction is blocked 
by the DNP (a well-known potent uncoupler of oxidative phos­
phorylation and it interferes with the mitochondrial electron 
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transfer) but nitrate reduction continues. Such a concept 
has not been tried in soils and its investigation warrants 
an equivalent attention. 
The objective of this part of the investigation vas to 
develop a method for assay of dissimilatory nitrate reductase 
in soils and to use this method to study the properties of 
this soil enzyme. 
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DESCRIPTION OF METHODS 
Soils 
•rne s o i j l s  usea ±a cms Suuay were J- - - ^  » — •» ^ ^ - W J v_/ J i. v_/ s_< — y 
Ames, Downs, Nicollet, Chelsea and Clarion listed in Table 9 
(Part II). They were selected to obtain a range in pH, 
texture, and organic C content. Before use, each sample was 
air-dried and crushed to pass a 2-mm screen. The analyses 
of pH, organic C, and particle size distribution were per­
formed as described previously in the material and methods 
section (Part I). 
Reagents 
2,4-dinitrophenol stock solution (50 m.g/ml); This 
reagent was prepared by dissolving 5 g of 2,4-dinitrophenol 
(DNP, Eastman Kodak Co., Rochester, N.Y.) in about 80 ml of 
etnyi dieciVioj . and adjastina the volume to 100 ml 
with alcohol. 
Potassium nitrate solutions (50 ag or 20 umole NO^-N/ 
m.l); These solutions were prepared by dissolving 350 mg or 
2.02 g of reagent grade KNO^ in about 700 m.l of deionized 
water and adjusting the volume to 1 liter with water. 
Potassium chloride (2.5 M); This reagent was prepared 
by dissolving 188 g of reagent grade KCl in about 700 ml 
of deionized water, and adjusting the volume to 
water. 
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The reagents needed for determination of NOg-N (sul­
fanilamide and N-(l-naphthyl)-ethylenediamine hydrochloride) 
were prepared as described by Barnes and Folkard (1951). 
The reagents needed for determination of and 
(magnesium oxide, boric acid-indicator solution, Devarda ' s alloy, 
0.005 N were prepared as described by Bremner (1955c). 
To determine the concentration of DNP needed to inhibit 
nitrite reductase activity but allowing the nitrate reductase 
to be active, soil samples were treated with a series of DNt' 
concentrations and lO ml of KNO^ solution containing 50 u.g 
NOg-N/ml. 
In these experiments, a sample of air-dried soil (5 g, 
<2 mm) was placed in a 250-ml French square bottle and treated 
with 2 ml of the appropriate concentration of DNP dissolved 
in absolute alcohol (the DNP solution was added dropwise to 
completely cover the soil sample). The alcohol was then 
by u^-i.ng à Stream of air (fan) for 2 hours. After 
evaporation of the alcohol, the soil was treated with 10 ml 
solution containing 500 u,c NO^-N. The bottle was swirled for 
a few seconds, stoppered tightly with no. 6 rubber stopper, 
and incubated at 25"c for 24 hours. At the end of the incu­
bation period, the stopper was removed and 40 mil of 2.5 M 
KCl were added, the bottle was restoppered and shaken hori­
zontally in a reciprocal shaker for 30 min. The soil sus­
pension was filtered through a polyethylene filter funnel 
by using a 5-cm no, 42 Whatman filter oaoer under vacuum. 
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The filtrate thus obtained was immediately analyzed for 
NO^-N by the method of Griess-Illosvay as modified by 
Barnes and Folkard (1951) using a Klett-Summerson colorimeter 
fitted with a green (no. 54) filter, and for ( r'î02+NC2 ) "N by 
the steam distillation procedure described by Bremner and 
Keeney (1966). 
The effect of NO^-N concentration, time of incubation, 
amount of soil, and temperature of incubation on nitrate 
reductase activity were studied in experiments similar to 
that described above, but by changing one of the factors 
indicated (the concentration of DNP required to obtain op­
timum nitrate reductase activity in each soil was determined 
from the experiments just described). 
In determination of the K and V values of nitrate 
m max 
reductase in soils, the 5 g sample was treated with DNP to 
obtain optimum activity, treated with lO ml solution contain­
ing 2, 3, 4, or 6 pmcls ^ Og-^/rl; end inr^batno ai 25^C for 
24 hoars> The NO_-N produced was extracted and determined 
as described above. The enzyme activity values (NO^-N 
produced/g scil/24 hours) thus obtained were used to calcu­
late the K and V values. These calculations were per-
m max 
formed by using the Lineweaver-Burk plot of the Michaelis-
Menten equation as described by Hofstee (1952). 
In all the experiments described, appropriate controls 
vers included= Unless otherwise indicated, the results 
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obtained are averages of duplicate determinations expressed 
on a moisture-free basis, moisture being determined by 
oven-drying at 105°C for 35 hours. 
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RESULTS AND DISCUSSION 
The method developed for assay of nitrate reductase 
activity in soils is based on systematic studies of factors 
affecting production of NO^-N from NO^-N added to soils. 
The method is based on colorimetric determination of the 
NO.-N accumulated when KNO^ solution is incubated with 
soil treated with 2,4-dinitrophenol (DNP) at 25°C under 
waterlogged conditions for 24 hours. The factors studied 
included the optimum concentration of DNP required to in­
hibit nitrite reductase,- but allowing accumulation of the 
NO^ produced from the reduction of NO^ by nitrate reductase 
activity in soils. The other factors studied were nitrate 
concentration, time and temperature of incubation, amount of 
soil, and preincubation to deplete the 0^ in the soil-water 
mixture before addition of nitrate. 
— — —* — J— * — —% ^ v-. vjicria i C4 ^  w j-
The DI\P concentration required to obtain optimum 
accumulation of NO^ varied with the soils studied. Figures 
24-25 show the effect of DNP concentration on NO^ production 
in 5 scily trtciLed with ICC u.g NO- N./g soil and incubated 
for 24 hours at 25^C. The DNP concentration required for 
optimum N0_ production ranged from. 5 ng/g soil in Chelsea (a 
sandy soil) (Figure 25) to 300 jig/g soil in Canisteo (Figure 
25). The m.aximum NO^-N produced under these conditions ranged 
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nil.rite produc.ed from the reduction of nitrate added to Chelsea 
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from 18 p.g/g soil/24 hours in Nicollet soil (Figure 26) to 
80 fig/g soil/24 hours in Ames soil (Figure 24) . 
Preliminary tests indicated that, at the concentrations 
used, DwT does not interfere vith determination of by 
steam distillation or of NO2 by the colorimetric method of 
Griess-Illosvay. Also, tests indicated that the pH of the 
soils studied did not change when samples of soils were 
treated with 1000 ppm DNP, the alcohol was eliminated by 
evaporation, and the pH measured at 1:2.5, soil:water ratio. 
Therefore, the results reported in Figures 24-26 of the NO^ 
produced from NO^ in DNP-treated soils are due to inhibition 
of nitrite reductase activity by DNP, resulting in N0_ 
accumulation from the action of nitrate reductase on NO^. 
Substrate (Nitrate) Concentration 
For valid assay of enzymatic activity, it is necessary 
to ensure that the oonr-pntration is noL limitina 
the reaction velocity in the assay procedure. A study of the 
effect of varying the substrate (NO^) concentration in the 
method developed (Figures 27-29) showed that maximum amount 
of NO^-N was produced at 5 m>l NO^. The maximum amount of / — o 
NO^-N produced at 5 ir^ NO^ ranged from 75 fig/g soil in Ames 
to 102 jig/g soil in Canisteo soil. 
Above about 5 mM KNO^, the reaction velocity decreased 
steadily, indicating possible inhibition of nitrate reductase 
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Figure 2/. Effect of nitrate concentration on the amount of 
nitrite produced in A.r.ss soil treated v/ith 20 " q 
DNP/g soil 
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Canisteo Soil 
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Figure 28. Effect of nitrate concentration on the ar.ount 
cf nitrite produced in Canisteo soil treated 
with 300 ug DNP/g soil 
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Fig"ure 29. Effect of nitrate concentration on the amount 
of nitrite produced in Qkoboji soil treated 
with 200 a g DNP/g soil 
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Time and Temperature of Incubation 
Straight lines are normally obtained for the relation­
ship between the amount of enzyme reaction product and time 
of incubation. Figures 30 and 31 show the results obtained 
in studies of the effect of varying the time of incubation on 
formation of from NOg by nitrate reductase in soils. The 
results for Okoboji and Nicollet soils (Figure 30) showed a 
lag period of about 10 hours, but no such lag period for 
formation of NOg was observed for Canisteo and Ames soils 
(Figure 31). The results obtained with Nicollet soil were 
linear from 12 to 48 hours of incubation at 25°c, but the 
results with Okoboji soil were about linear from 12 to 35 
hours (Figure 30). Above 35 hours of incubation, the amount 
of N0_ produced from NO^ added to Okoboji and Ames soils was 
lower than that produced at 36 hours, indicating either that 
the DNP added to inhibit the nitrite reductase activity had been 
degraded by soil microorganisms and lost its potency or zhaz 
the addition of NO^ induced the synthesis of a new enzyme 
(i.e., nitrite reductase) capable of denitrifying the 
produced after the initial nitrite reductase was inhibited 
by DNP. Tied je et al. (197 8) and Smith and Tiedje (1979) 
reported ^  novo enzyme synthesis and derepression in denitri-
fication by soils. The recovery of NO^ and NOg from, four 
soils treated with DIv? (see Figures 30 and 31) and incubated 
at 25°c for various times showed that of the t-oral 140 •j.q 
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Figure 30. Effect of time of incubation on the airiount of 
nitrite produced in Okoboji and Nicollet soils 
treated with 200 and 5 ag BNP/g soil, respective­
ly, and incubated under waterlogged conditions at 
25'-'C in the presence of 5 nitrate 
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Figure 31. Effect of ti.Tie of incubation on the amount of 
nitrite produced in Arr.es and Canisteo soils 
treated vith 20 and 300 Lig soil, respec­
tively, and incubated under waterlogged condi­
tions a-c 25-C in the presence of 5 n-iK nitrate 
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NO~-N/g soil (5 g soil and lO ml of 5 mM KNOg) almost complete 
recovery was obtained after 24 hours of incubation (Table 11). 
Incubation of the DNP-treated soils for more than 24 hours 
resulted in less than quantitati'^'^e recovery of N0_ + N0_. 
indicating devitrification of the N0_ produced from NO^. 
A 24-hour incubation period was adopted for further studies 
of nitrate reductase activity in soils. When preincubation 
was involved, as in the case of studies of effect of incuba­
tion temperature on nitrate reductase, the incubation time 
was 5 hours. 
The lag phase observed with Okoboji and Nicollet soils 
(Figure 30) is expected because similar lag phases have been 
reported for pure cultures of denitrifying microorganisms 
after their shift from aerobic to anaerobic conditions (Smith 
and Tied je, 1979), probably because of oxygen inhibition of 
the denitrification process. 
To test the possible effect of the dissolved oxygen in 
the soil-water mixture on nitrate reductase activity, there­
fore resulting in the lag phase observed with some of the 
soils, the dissolved oxygen was removed by either preincuba­
tion or bubbling gas in the soil-water m.ixture before 
addition of rhe substrate (N0_). Figure 32 shows the results 
obtained when four DNP-treated soils were preincubated with 
water for IC hours at 25°C before addition of . Figure 
33 shows the effect of bubbling gas for 3 minutes in the 
soil-water mixture before addition of on the nitrate 
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Table 11. Effect of time of incubation on formation of 
NO2-N from NO3-N added to DNP-treated soils and 
incubated under -waterlogged conditions at 25°C 
Inorganic N Time of incubation (hours) 
Soil 
xon species 
(iig/g soil) 12 18 24 30 35 42 48 
Nicollet NO~-N 0 3 6 10 17 22 25 
NO~-N 139 137 134 127 115 104 96 
Total 139 140 140 137 132 126 121 
Ames NO~-N 11 50 87 100 107 90 55 
NO^—N 129 88 48 29 3 1 3 
Total 140 138 135 129 llO 91 59 
Canisteo NO~-N 29 64 98 109 73 25 3 
NO^-N 110 74 37 6 0 0 0 
Total 139 138 135 115 73 25 3 
Okoboji NO~-N 4 27 67 83 107 83 70 
IMV-» —i\ n 1 C 1 n /T "/ 'j. 1 0 
zll 142 138 .30 84 70 
Figure 32. Effect of time of incubation on the amount of 
nitrite produced in soils treated with DNP (5 
ag/g Nicollet soil, 300 fig/g Canisteo soil, 200 
u.g/g Okoboji soil, and 20 fj.g/g Ames soil) and 
preincubated (5 g soil and 9 ml water) for lO 
hours at 25°C before incubation with nitrate 
(1 ml of 50 mM KNOgf final concentration = 
5 mM) at 25°C for the times indicated; the DNP 
required for each soil vas determined from the 
results reported in Figures 24-'Zb 
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Figure 33. Effect of time of incubation on the amount of 
nitrite produced in soils treated with DNP 
(5 ag/g Nicollet soil, 300 ug/g Canisteo soil, 
200 ag/g Okoboji soil, and 20 p.g Ames soil) and 
the dissolved O2 was removed by bubbling N2 gas 
in the soil-water mixture (5 g soil and 9 ml 
water) for 3 min before incubation with nitrate 
(1 ml of 50 mM KNO3, final concentration = 5 n^) 
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results reported in Figures 24-25 
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reductase activity in the same four soils. In general, the 
results with preincubation vere better than those with 
bubbling gas for 3 minutes. The lag phases were not com­
pletely eliminated by preincubation,- but they were much 
shorter than those observed when the O was removed by 
bubbling N gas in the soil-water mixture (see Figures 32 
and 33). The results reported in Figure 32 support the find­
ings of Patrick and Mikkelsen (1971) that flooding soils for 
6-10 hours is enough to lower their oxygen content to zero. 
The results reported in Figure 32 also indicate that nitrate 
reductase activity can easily be assayed in DI\P-treated soils 
after 5 hours of incubation with NO^ provided that the soil-
water mixture has been previously preincubated to remove the 
dissolved 0^. 
Studies on the effect of temperature of incubation on 
nitrate reductase activity showed that this enzyme is in­
activated at 40^c v'Fio'urGS 34 and 35). In these experiments, 
the DNP-soil-water mixture was preincubated for 10 hours at 
25°c to deplete the dissolved 0^ and incubated with 
(5 m.M KNO_) for 5 hours at the temperature indicated. A 
sim.ilar inactivation tem.perature has been reported by Cawse 
and Cornfield (I97l) in studies involving nitrite accumi'Jia-
•cion in y-irradiated soils. The inactivation temperature 
(40°c) observed for nitrate reductase in soils is about 15 
to 2C"c lower than those of pyrophosphatase and amidase ac­
tivities in soils (Dick and Tabatabai, 1978; Frankenberger 
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Figure 34. Effect of temperature of incubation on the amount 
of nitrite produced in soils treated with PNP (5 
ug/g Clarion soil, 200 u.g/g Okoboji soil, 5 ag/g 
Downs soil, and 5 p.g/g Chelsea soil) and prein-
cubated (5 g soil and 9 ml water) for lO hours 
at 25°C .before incubation with nitrate (1 ml of 
50 IT# KNO-^j final concentration = 5 mM) for 5 
hours at the temperatures indicated; the DI\F re­
quired for each soil was determined from results 
similar to those reported in Figure 24 
140 
• Canisteo Soil 100 
O Ames Soil 
A Nicollet Soil 
o 
cn 
Q 
O 
a: 
cl 
z I 
H 
al 
h-
z 
50 1 0 u 
TEMPERATURE OF INCUBATION ("C) 
Figure 3^^ Kffpct of temperature of incubation on the amount 
of nitrite produced in soils treated with DN? 
(500 ag/g Canisteo soil, 20 iig/g Ames soil, and 
5 i-ig/g Nicollet soil) and preincubated (5 g soil 
and 9 ml water) for 10 hours at 25°C before incu­
bation with nitrate (1 ml of 50 mX KNC3, final 
concentration = 5 m^) for 5 hours at the tempera­
tures indicated J the DM? required for each soil 
was determined from, the results reported in 
Fiqures 24-26 
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and Tabatabai, 1980). 
Nitrate reductase was assayed at 25°C in the work re­
ported because preliminary work showed that it is not neces­
sary to usG a higher temperature to obtain precise results 
for the activity of this enzyme in soils. The incubation 
temperature (37°c) commonly used for assay of other enzymes 
in soil should not be used for assay of nitrate reductase in 
soils because this temperature is too close to the inactiva-
tion temperature (40°c) of this enzyme. 
Amount of Soil 
Figure 35 shows the effect of varying the amount of soil 
used in the m.ethod developed for assay of nitrate reductase 
in soils. The relationship between the amount of NO.-N 
produced and the amount of soil used is linear up to 8 g soil 
with Okoboji soil, 5 g soil with Ames soil, and continues to 
be linear up to 10 g soil with Chelsea soil. The lack of 
linearity between the amount of NO -N produced and the amount 
of soil used with Okoboji and Ames soils is expected because 
these soils have higher nitrate reductase activity, and the 
substrate concentration used (lO ml of 5 mK KNO^ or a total 
of 700 ag NO^-n) became limiting to the reaction rate when 
the amount of soil was increased above 5 g. 
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Figure 35. Effect of amount of soil on the amount of nitrite 
produced in soils treated vith DNP (20 ug/g Ames 
soil, 200 a.g/g Okoboji soil, and 5 iig/g Chelsea 
soil) and incubated with nitrate (5 g soil and 10 
~i or 5 mM KNOg) at 25°C for 24 hours; the DNP 
required for each soil vas determined from, the 
results reported in Figures 24-26 
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Michaelis-Menten Constant 
Figures 37-39 show plots of the Lineweaver-Burk trans­
formation of the Michaelis-Menten equation applied to the 
nitrate reductase activity values obtained as a function of 
NO^-N concentration for Ames, Canisteo, and Okoboji soils, 
respectively. The activity values used in these calculations 
are those obtained by using 2, 3, 4, and 5 ir^ KNO^ reported 
in Figures 27-29. 
The K and V values calculated from the plots in 
m max 
Figures 37-39 are shown in Table 12. The K values of nitrate 
m 
reductase in Ames and Okoboji soils were 3.7 and 2.9 mM, 
respectively. The value of this constant in Canisteo soil, 
however, was 33.3 mM. The V values of nitrate reductase 
~ max 
in Ames and Okoboji soils were 125 and 122 ag NO -N produced/ 
g soil/24 hours, respectively. The V value for this enzyme 
msx 
in Canisteo soil, however, was 962 ag NO^-N produced/g soil/ 
24 hours. The Canisteo soil is not greatly different from the 
Okoboji soil, and the greater K and V values of Canisteo 
m max 
soil as compared with those obtained for the other two soils 
deserve further investigation. 
Autoclaving 
Table 13 shows the results obtained when the 7 soils used 
in this study were autoclaved for 2 hours at I2l°c. The re­
sults show that no NO^ was produced in these soils when 
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Figure 37. The Lineweaver-B-ark plot of nitrate reductase 
in AiTies soil; velocity (V) is expressed in p.g 
NO^-N produced/g soil/24 hours and S in r.M 
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Figure 3S, The Lineweaver-Burk plot of nitrate reductase 
in Canisteo soil; velocity (v) is expressed in 
u.g NO%-N produced/g soil/24 hours and S in rriK 
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Figure 39. The Lineveaver-Bark plot of nitrate reductase 
in Okoboji soil; velocity (V) is expressed in 
Lig NO~-N produced/g soil/24 hours and S in 
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Table 12. K_ and values of nitrate reductase in soils m UiciyL 
calculated from the Lineveaver-Burk transformation 
of the Michaelis-Menten equation 
Soil K (mM) in V max 
Ames 3.7 125 
Canisteo 33 .3  962  
Okobo j i 2 .9  122 
%g NOç, -N produced/g soil/24 hours. 
Table 13. Effect of autoclaving on nitrate reductase ac­
tivity in soils 
Form of nitrogen (ua/a soil)^ 
Soil NO2-N NOg-N (NC2-i-NO3 )-N % recovery 
Chelsea 0 141 141 101 
Clarion 0 135 136  98  
Downs 0 137 137 98  
Nicollet 0 135 135 96  
Ames 0 135 135 96  
Canisteo 0 136  136  96  
Okoboj i  0 136  136  96  
The autoclaved soil (5 g) vas treated vith the amount 
of DNP required to inhibit nitrite_reductase and incubated 
with 10 ml of 5 mM KNO3 (140 ac NOÔ-N./g soil) for 24 hours . 
Nitrate and nitrite were extractec^'vith 40 ml of 2.5 M KCl 
and determined as described in the methods section. 
14 8 
treated with DNP (the concentration of DNP required for each 
soil to produce maximum NO^ from NO^ was previously deter­
mined) and incubated with NO^ (5 g soil with 10 ml of 5 mM 
\ XT ^ ^  O /I 1"» ^ ^ -w r-™ nTU-» /—. -V- -V-TT /-\-C 4-V> ^ o \T -V-— AV iNV» / ^ /  ^~X ^  *  J .  *  A  . k  W  <w «_* ,  
from 95 to 101%, indicating biological origin of nitrate 
reductase activity in soils. 
Precision 
The high precision of the method developed is illustrated 
by Table 14. The nitrate reductase activity values of the 
soils used expressed as jag NO^-N produced/g soil/24 hours, 
ranged from 1.2 to 94.4, and the standard deviation of the 
activity determination ranged from 0.04 to 2.7. The high 
precision of the method developed results mainly because 
extraction and determination of the NO^-N produced is 
quantitative and the procedure is simple and readily 
c=> uai lua j_ w # 
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Table 14. Precision of method 
Nitrate reductase activity^ 
Soil Range Mean S.D. C.V.^ 
Chelsea 16.4-19.4 17.9 1.1 5.1 
Clarion 1.1-1.2 1 . 2  0 .04  3.3 
Downs 10.0-11.6 11.0 0.7 6 . 4  
Nicollet 12.5-12.9 1 2 . 8  0 . 2  1.6 
Ames 75 .3 -82 .3  79.7 2.7 3.4 
Canisteo 93.4-95.4 94 .4  1.1 1.2 
Okoboji 60.7-61.2 61.1 0.2 0 . 3  
NO 
assays; S.D. 
-N produced/g soil/24 hour. 
= standard deviation. 
Mean of seven 
^C.V. = coef f icient of variation. 
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SUMMARY AND CONCLUSIONS 
The objectives of this study were (1) to study nitrogen 
mineralization in soils under aerobic conditions, (2) to 
study nitrogen mineralization in soils under waterlogged 
conditions, and (3) to study nitrate reductase in soils. 
The findings can be summarized as follows: 
1. Cumulative amounts of N mineralized in field-moist 
and air-dried soils treated with (+NS) and not treated (-NS) 
with minus-N nutrient solution were generally linearly re­
lated with the time of incubation at 15 and 25°c in the lO 
soils studied. This relationship was not consistent at 35°c, 
often was linear but sometimes curvilinear (decreasing rate 
of N mineralization with time of incubation). This relation­
ship was significant at P < O.OOl. The rates (slopes of the 
regression equations) of N mineralization increased as the 
incubation temperature increased and were similar in both 
field-moist and air-dried soils. At 15 and 25^c, the total 
cumulative amounts of N mineralized were generally greater 
in air-dried than in field-moist soils. At 35"c, these dif­
ferences were relatively less observed. Expressed as percent­
ages of soil organic N; the cumulative amounts of N mineralized 
in air-dried soils were generally higher than those in field-
moist soils. The results obtained showed that 1-2% of organic 
N was mineralized at iS^c, about 2-5% was mineralized at 25°C, 
and about 5-10% was mineralized at 35^c in the soils studied. 
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The addition of minus-N nutrient solution to the soil column 
did not shov any consistent effect on N mineralization. 
2. Although, there was no general trend in Q^q values 
for N mineralization in air-dried and field-moist soils at 
25 and 35"c, the Q^q values wer^ always higher at 25°C than 
at 35°c, indicating that N mineralization in soils is not 
linearly related to temperature. The values at 25°C 
varied greatly for field-moist and air-dried soils (+NS and 
-NS) and were > 2 for most of the soils studied. At 35°c 
the Q^q values were less variable and were almost always 2 
or < 2. The variation in values for N mineralization in 
soils explain the observed differences in values reported 
by other workers. values ranging between l.S to 3 were 
reported in the literature. The value of obtained seems 
to be influenced by the temperature range used to calculate 
the because results in this work indicated that N 
minerallzaLion is not linearly related ro femperaturê of 
3. Amidase; glutaminase, or asparaginase activity values 
in soils obtained by using nonbuffer and buffer methods were 
significantly related with the rates of N mineralization in 
air-dried soils (^NS and -NS) at 35°C under aerobic conditions. 
Amidase activity with both the nonbuffer and the buffer methods 
was significantly correlated with the rate of N mineralization 
ir air-dried soils (~MS and -NS) at 35°C, The relationship 
was similar using the three substrates formamide. propionamide, 
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and acetamide for assay of amidase. Similarly, glutaminase 
activity and asparaginase activity in soils were signifi­
cantly correlated with the rate of N mineralization in air-
dried soils (+NS and -NS) incubared under aerobic conditions 
at 35^c. The significant relationship between the rate of N 
mineralization in air-dried soils (+NS and -NS) at 35°c under 
aerobic conditions and amidase, glutaminase, or asparaginase 
activity J and the reported presence of amide-N in soils sug­
gests that these enzymes are involved in mineralization or 
organic N in soils. 
4. Statistical analysis showed that organic C was sig­
nificantly correlated with cumulative amounts of N mineralized. 
At I5°c, organic C was not significantly correlated with the 
cumulative amounts of N mineralized when minus-N nutrient 
solution was added to the soil column after every leaching. 
In general, pH was not significantly correlated with the 
cumulative auiounts of X mineralized or the percentage of 
organic M mineralized at all the temperatures studied. Total 
N was significantly correlated with cumulative amounts of N 
mineralized at 25 and 35°c. No such relationship was ob­
tained when the C/N ratios were considered. Statistical 
analyses between protease activity and the rates of N min­
eralization suggested that protease is not one of the major 
enzymes involved in mineralization of N in soils. 
3. The relationship between enzymatic activity (amidase, 
glutaminase and asparaginase) and N mineralization in soils 
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under waterlogged conditions and the relationship between the 
amounts of M mineralized in soils under waterlogged condi­
tions and those mineralized under aerobic conditions were 
studied. It was found that highly significant relationships 
existed between the amounts of NK'-N produced by incubation 
4 -
of soils under waterlogged conditions and amidase activity 
(ag NH^-N produced/g soil/2 or 24 hours) obtained by both 
the nonbuffer and the buffer methods using formamide, pro-
pionamide, or acetamide as a substrate. The correlations were 
highly significant at P < O.OOl with each of the amidase sub­
strates tested. Similar results were obtained for the rela­
tionship between the amounts of NH^-N produced by incubation 
of soils under waterlogged conditions and the activities of 
asparaginase and glutaminase (NH^-N produced/g soil/ 
2 hoars) obtained by the nonbufter and the buffer methods 
using asparagine and glutamine as substrates, respectively. 
Nitrogen mineralization under waferiooueu conditions was 
significantly correlated with N mineralization under aerobic 
conditions, especially at 25 and 35°C. Nitrogen mineraliza­
tion under waterlogged conditions was also significantly 
correlated with organic carbon. 
6. A simple method for assay of dissimilatory nitrate 
reductase in soils was developed, and this method was used 
to study the reaction properties of this enzyme in soils. 
The method developed is based on systematic studies of the 
factors affecting production of NO^-N from NOg-N added to 
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soils. It involves determination of the NO2-N produced 
when soil, 2,4-dinitrophenol (DNP), and KNOg are incubated 
under waterlogged conditions at 25°C for 24 hours. Studies 
showed that, at a certain concentration, DI\P inhibits the 
nitrite reductase activity but not the nitrate reductase in 
soils. The concentration of DNP required for this purpose 
varied among the soils used. The factors studied were sulo-
strate (NO ) concentration, time and temperature of incuba­
tion, amount of soil, and preincubation (or N gas bubbling) 
to deplete the oxygen in the soil-water mixture before addi­
tion of nitrate. Studies of the effect of varying the sub­
strate (NO ) concentration in the method developed showed 
that maximum amount of NO^-N was produced at 5 mN NO^-N. 
Results showed that nitrate reductase is inhibited by high 
concentrations of its substrate (NO^). The results obtained 
in the study of the effect of varying the time of incubation 
on forzactLioii of NO from bv nitrate reductase in 
2 o -
showed a lag period of about 10 hours before the commencement 
of NO formation for some soils but not for others. The 
relationship between time of incubation and the amount of 
NO -N produced was about linear for a certain length of incu­
bation time, which varied among the soils studied. The lack 
of continuous linearity with the advancement in incubarion 
time indicated either that the DNP added to inhibit the nitrite 
reductase activity had degraded by soil microorganisms or that 
the addition of NC^ induced ^  novo enzyme synthesis 
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(i.e., nitrite reductase) capable of denitrifying the NO^ 
produced after the initial nitrite reductase was inhibited 
by DNP. Studies on the effect of temperature on nitrate 
reductase activity in soils showed that this soil enzyme is 
inactivated at incubation temperatures above 40°c. The ac­
tivity of this enzyme in soils was completely destroyed upon 
autoclaving (121°C for 2 hours). The results obtained in this 
work also showed that the lag phases at the early stages of 
the nitrate reduction were not completely eliminated by either 
preincubation of the soil-water mixture for lO hours or 
gas bubbling in this mixture for 3 min before addition of KNO^-
The lag phases were much shorter when preincubation than 
when N gas bubbling was emoloved to deplete the dissolved 0-,-
2 - - 2 
Studies of the kinetic parameters showed that the K 
m 
values of nitrate reductase were 2,9 and 3.7 mM for this 
enzyme in Okoboji and Ames soils, respectively. The K value 
of niLrate rsductacc in a third soil; soil, was 
33.3 mM. The V values for this enzvme in the three soils 
— max 
were: 126; 122. and 962 a g NO -N produced/g soil/24 hours 
for Okoboji, Ames, and Canisteo soils, respectively. 
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APPENDIX 
Table 15. Amounts of nitrogen mineralized within successive incubation 
periods (weeks) when soils were incubated at 15°C under 
aerobic conditions 
Soil Condition^ 0-2 
Nitrogen mineralized (Ug N/g soil) within 
2-4 4-6 6 - 8  »-iu lU- iz. 
Clarion ADns 
FMns 
FM 
7.9 
7.0 
2.9 
4.9 
6.0  
6 . 8  
0.7 
1.6 
6.1 
5.7 
3.6 
2.3 
0.7 
0.5 
2.7 
0.9 
2.5 
1.3 
0.9 
0.5 
4.5 
3.4 
1.3 
2 . 2  
3.2 
4.1 
1.4 
2.3 
1 . 1  
1 . 6  
1.3 
1.8 
2.7 
3.8 
2 . 2  
2.5 
2.7 
2.9 
1.4 
0.7 
1 . 6  
2 . 0  
0.5 
0.5 
uOwuS 
AD 
FMns 
FM 
16.4 
17.6 
3.7 
4.0 
6 . 8  
7.0 
1.8 
2.3 
3.8 
4.1 
3.7 
3.3 
2.3 
1 . 8  
2 . 0  
2.7 
3.7 
3.5 
3.8 
2.9 
8.3 
8.3 
3.6 
4.0 
6.8 
7.2 
2.5 
4.0 
3.9 
2.7 
2 . 2  
3.5 
8 . 6  
7.2 
2.7 
2.7 
5.6 
3.4 
3.1 
2.7 
2.5 
2 . 2  
2.5 
2.9 
Nicollet ADns 
AD 
FMns 
9.0 
FM 
0.9 
0.7 
1.8 
0.7 
2.3 
2 . 0  
4o0 
2 . 2  
0.3 
0.0 
0.0  
0.2  
1 . o 
2 . 2  
0.9 
0.9 
4.1 
3.4 
2 . 2  
1.6 
0.7 
1.3 
0.5 
1.4 
0.9 
2.9 
2.9 
2.0 
0.5 
n u 
1.3 
0.4 
n 9 
^M, field-moist soil; AD, air-dried soil. The mineral N produced 
was removed by 0.01 M CaCl2 and when indicated (ns) the soil was treated 
with a nutrient solution devoid of N (Stanford and Smith, 1972). 
1  ' 71  
successive incubation periods (weeks) specified 
14-15 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Àvg. 
2.5 - - 3.4 - - — 7.0 34.1 
2.5 - 3.6 - - 7.0 33.0 33.6 
0.7 0.9 0.5 1.1 0.2 0.0 1.8 2.0 22.4 
0.7 0,9 2.5 0.5 0.2 0.4 2.0 2.0 26.0 24.2 
2.0 - - 3.0 - - - 2.5 20.1 
-3 S 22.5 
1.1 1.4 1.3 1.1 1.4 0.5 1.6 1.4 18.7 
0.0 0.9 1.1 0.9 1.4 0.7 0.9 2.2 16.4 17.6 
5.2 - 8.8 - - 4=5 55.6 
5.2 - 9.7 - - 9.2 61.3 58.5 
2.2 1.8 3.8 2.2 0.4 1.3 2.7 3.1 41.3 
1.8 1.8 2.2 2.0 1.3 1.3 3.4 2.9 39.1 40.2 
8.6 - - 6.3 - - - 5.2 41.6 
8.6 - - 7.0 - - - 5.2 40.2 40.9 
1.4 2.7 2.2 1.1 0.2 2.2 3.2 2.9 33.8 
1.4 2.7 2.5 2.2 1.1 0.3 2.5 1.4 35.4 34.6 
4.5 - - 2.9 - - - 1.6 27.3 
2.3 - - 2.3 - - - 1.6 23.2 25.3 
0.4 0.7 1,3 0.5 i.b 0.2 1.5 2.0 2C.1 
0.7 1.1 2.0 1.1 0.4 1.1 2.7 1.8 30.8 28.5 
0.7 - 1.4 - - 2.3 8.1 
1 = 6 - - 1.4 - - - 1.1 7.5 7.8 
0.5 0.0 1.1 0.4 0.9 0.0 1.8 1.3 10.9 
0.4 0.0 0.5 1.1 0.5 0.0 1.3 1.3 7.5 9.3 
Table 15. (Continued) 
Nitrogen mineralized (gg N/g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Tama ADns 
AD 7.4 3.4 2.9 2.3 2.0 2.3 1.6 
1.4 
FMns 
Muscatine ADns 
AD 7.9 2.3 1.8 3.4 2.0 2.0 1.4 
2.5 
FMns 
FM 1.1 1.3 1.8 1.6 1.3 0.7 1.8 
2.3 
Ames ADns 
Fayette ADns 
FMns 
5.2 3.4 - 3.4 - 4.3 
4.3 2.5 - 3.6 - 4.3 
6.7 3.8 3.4 2.2 2.5 2.7 
3.2 0.5 - 4.5 - 5.6 
2.5 1.4 
-
5.4 
-
6.1 
1.3 0.4 2.0 2.5 2.7 2.0 
1.6 1.4 2.0 2.3 4.0 2.5 
9.0 2.9 5.2 4.2 
11.7 2.7 
-
6.5 
- 4.7 
8.3 2.0 2.9 2.5 3.1 2.5 
1.3 0.7 - 4.6 - 3.5 
2.5 1.6 
-
6.1 
- 5.4 
0.7 1.1 2.2 1.8 2.7 1.1 
16.7 2.5 6.3 3.5 
15.7 3.2 
- 5.4 - 4.1 
15.5 2.5 3.4 3.1 3.2 2.0 
15.9 4 3 3.1 3,2 2 = 9 2 7 
1.8 1.9 - 5.6 - 8.1 
1 = 5 2-3 
-
6.3 
-
9.5 
2.0 2.7 2.0 3.4 3.9 2.9 
1.7 2.2 1.6 3.2 3.9 2.9 
10.6 0.5 6.3 6.3 
11.5 0.5 
-
5.0 
-
4.7 
23.9 2.9 o c 3.2 
23.0 1.3 3.1 3.6 2.0 2.7 
0.9 0.0 - 0.7 _ 1 1 
1.6 0.0 
-
0.7 
- 1.1 
3.1 2.4 2,7 3.0 3.7 2.7 
3.0 2.0 2.4 2.7 3.1 2.2 
1.4 
AD 2.9 
2.7 
FMns 
FM 3.2 
2.5 
3.1 
3.4 
2.7 
173 
successive incubation periods (weeks) specified 
L4-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
4.1 6.1 1.1 27.6 
4.5 - - 6.1 - - - 5.4 30.7 29.2 
Oo9 1.3 0.7 1.8 0.5 0.4 2.3 1.1 30.9 
1.1 1.3 1.8 0.9 0.5 1.1 2.9 3.4 35.7 33.3 
5.0 - - 5.2 - - - 6.1 30.1 
5.0 
-
- 5.0 -
- -
5.9 31.3 30.7 
1.1 1.3 2.3 2.2 1.3 0.0 1.4 1.1 23.0 
2.0 1.3 1.3 2.2 0.9 0.0 1.4 2.2 26.5 24.8 
3.6 _ 4.3 6.0 35.3 
4.1 - - 3.4 - - - 6.3 39.4 37.4 
0.9 1.1 1.3 2.2 1.1 1.3 2.2 2.2 33.1 
2.0 1.3 1.6 2.2 1.1 1.3 1.8 1.6 36.7 34.9 
5.0 - - 5.0 - - - 7.0 27.1 
4.7 - - 6.1 -
- -
7.0 33.4 30.3 
2.3 2.8 1.3 2.2 0.4 1.3 2.2 2.7 24.8 
2.9 3.4 1.3 1.8 0.4 1.3 2.7 2.7 27.7 26.3 
3.4 - _ 4.3 4.7 41.4 
2.5 - - 4.3 - - - 2.7 33.9 37.7 
1.6 2.3 1.8 2.0 0.2 1.3 2.3 2.5 46.6 
1 '< .2 2.0 o n 0.2 1-3 1.6 1 .8 51.3 49.0 
8.8 - - 8.3 - - _ 4.3 38.8 
8.3 -
-
8 = 1 
-
- - 2.7 41.7 40.3 
3.2 2.5 2.5 3.1 0.2 1.1 2.5 1.6 36.7 
2.5 3.1 2.9 2.2 0.9 1.1 3.2 2.7 o/C r\ 36.4 
6.3 - 10.8 9.5 50.3 
6.1 
- -
10.0 
-
-
- 8,5 46.3 48.3 
2.0 2 . Z 3.2 2.9 2 0 2 O -7 'i- 9 f 4.3 60 = 0 
1.4 1=4 2.3 2.2 1.2 1.1 3.4 3.6 55.4 57.7 
5.4 - - 10.8 - _ - 12.6 31.5 
5.4 -
- 9.2 -
- - 9.2 27.2 29.4 
2.5 3.5 3.8 4.2 2.7 2.5 5.6 5.9 51.8 
2.4 3.6 4.0 4.2 2.9 2.7 5.4 5.7 49.0 50.4 
Table 15. (Continued) 
Nitrogen mineralized (ug N/g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Harps ADns 
AD 
FMns 
FM 
3.8 
4.3 
9.9 
7.1 
0.9 
0.2 
1.1 
0.4 
0.5 
1.4 
1.8 
1.5 
0.7 
0.0 
0.7 
0.5 
1.4 
1.4 
0.5 
u.o 
1.6 
0.9 
1.1 
1.1 
0.7 
0.2 
0.4 
0.4 
1.1 
1.1  
0.7 
2.3 
1.1 
1.8 
1.4 
1.1 
0.5 
0.5 
n /. 
0.9 
0.9 
0.2 
n q 
Canisteo ADns 
AD 
FMns 
FM 
6.5 
3.4 
8 . 1  
7.9 
2.9 
2.9 
0.9 
0.0 
2.0 
1.4 
2.5 
2.5 
0.0 
0.0 
0.0 
0.2 
Z..U 
2 . 0  
1.1 
0.5 
5.6 
4.5 
3.2 
2.3 
2.5 
2.7 
2 .2  
2 .2  
2.9 
3.9 
4.7 
5.0 
3.6 
3.2 
6 . 8  
5.4 
2 . 2  
2 . 2  
3.4 
3.2 
2.7 
2.5 
Okoboji ADns 
AD 
FMns 
9.0 
12.2 
12.2 
4.5 
2.5 
3.8 
2.3 
3.6 
3.2 
0.9 
0.2 
1.4 
1 _ A .  
3.2 
J.. 
0 
6.1 
5.6 
4.5 
3.8 
S >2 
4.1 
2.3 
3.6 
3.6 
3.2 
3,4 
4.3 
5.0 
3.4 
3.8 
5.6 
5.2 
2.7 
3.4 
2.7 
2.5 
3.8 
4.5 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
3.4 3.6 6.5 21.7 
2.9 - - 4.7 - - - 9.0 24.3 23.0 
0.7 1.1 1.6 2.0 0.2 2.0 1.6 2.0 29.2 
0.7 1.1 1.2 1.9 0.2 2.0 1.6 2.2 25.4 27.3 
3.4 - - 7.4 - - _ 5.6 19.8 
2.5 - - 6.1 - - - 8.8 18.3 19.1 
0.2 1.4 0.7 1.3 1 = 3 0.0 1.8 1.8 12.6 
0.0 1.1 1.1 2.2 0.5 0.7 2.7 2.5 15.1 13.9 
6.1 13.1 21.2 59.2 
6.3 - - 15.5 - - - 27.2 63.3 46.3 
3.0 3.2 4.1 2.9 1.1 2.3 2.9 2.5 47.1 
3.0 2.3 4.0 2.9 2.5 2.3 2.5 2.0 45.5 46.3 
10.1 - - 14.4 _ - - 13.1 49.8 
7.0 - - 13.5 - - - 15.8 47.3 48.6 
2.9 2.7 4.0 3.8 1.1 2.5 6.1 2.9 39.0 
1.8 2.7 4.0 2.9 4.7 5.0 6.1 5.0 43.7 41.4 
5.4 5.9 5.6 40.1 
5.4 - - 7.2 - - - 5.6 39.9 41.0 
2.3 2.3 3.1 4.0 1.6 2.5 2.2 2.9 54.1 
1.8 2,2 3-1 3.2 1.1 2.2 2.9 3.1 52.1 53.1 
5.2 - - 7.4 - - - 9.0 35.8 
6,3 
- - 8.8 - - - 7.7 34.8 35.3 
3.4 4.3 4.5 4.7 3.1 3.2 6.8 4.3 51.1 
3.6 4.9 6.1 5.9 4.7 3.2 6 .S 2.9 57.2 54.2 
Table 16. Amounts of nitrogen mineralized within successive incubation 
periods (weeks) when soils were incubated at 25°C under 
aerobic conditions 
Nitrogen mineralized (ug N/g soil) within 
Soil Condition^ 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Clarion ADns 11.0 
11.0 
5.6 
6.5 
- 9.7 
8.8 
- 7.7 
6.5 
-
AD 10.4 
10.8 
5.8 
5.2 
5.6 
5.6 
4.1 
3.2 
3.4 
3.6 
2.9 
3.9 
1.8 
1.8 
FMns 5.9 
7.7 
7.9 
6.3 
- 8.3 
8.8 _ 
5.2 
3.4 _ 
FM 1.6 
2.3 
5.4 
4.1 
4.1 
4.5 
3.8 
2.9 
3.9 
3.6 
2.5 
2.5 
2.7 
3.4 
Downs ADns n c o 
30.8 
TO Q 
7.2 
17=1 
17.1 
- 11.5 
13.1 
-
AD 12.4 
13.0 
6.0 
6.0 
2.7 
2.0 
3.6 
3.6 
4.1 
4.0 
4.3 
4.3 
4.7 
4.0 
Finns 12.4 
10.6 
12.8 
13.3 
- 18.7 
20.0 
-
10.8 
13.7 
-
FM 8.5 
8.1 
11.2 
10.1 
10.3 
12.2 
8.5 
8.8 
11.3 
11.3 
5.4 
9.5 
6.7 
8.3 
Nicollet ADns 16.0 
17.1 
5.4 
6.1 
-
4.5 
6.5 
-
10.6 
2.5 
* 14.4 
13.9 
b.3 
4.5 
4,5 
5.0 
2.9 
2.9 3.9 
n c. 
2.7 
n j ") 
2.5 
S 1.8 
0.7 
3.4 
2.7 
- 4.5 
4.7 
- 1.6 
2.7 
-
FM 2.0 
3.1 
5.4 
5.4 
4.0 
4.5 
2.0 
2.9 
4.5 
2.9 
2.2 
1.6 
2.3 
2.5 
rM, field-moist soil; AD, air-dried soil. The mineral N produced 
was removed by C.G X CaGl2 and when indicated (ns) the soil was treated 
with a nutrient solution devoid of N (Stanford and Smith, 197/). 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
7.4 - - 8.6 - - - 6.5 56.5 
7.7 - - 8.6 - - - 7.4 56.5 
2.3 2.3 2.5 2.7 2.3 3.1 3.2 2.7 55.1 
2.3 2.0 2.5 2.9 3.1 3.6 2.9 2.5 55.9 
5.6 - - 8.3 - - - 8.3 49.5 
5.6 - - 8.6 - - - 8.3 48.7 
1.4 1.4 3.4 1.1 2.0 2.5 3.6 2.9 42.3 
1.8 2.0 2.0 2.7 1.3 0.0 1.3 3.4 37.8 
8.3 _ 9.2 20.9 
8.3 - - 18.2 - - - 19.1 113.8 
2.2 3.2 5.2 5.0 5.7 3.4 4.7 5.0 72.2 
2.2 3.8 4.0 5.2 5.6 3.2 4.0 5.8 70.7 
L4.4 - - 17.3 — - - 23.2 109.6 
LI.9 
- -
17.3 
- - - 21.6 108.4 
5.2 5.2 6.7 7.7 5.2 5.2 7.0 5.8 109.9 
5.2 5.0 7.9 8.6 3.6 5.8 4.3 5.8 104.5 
4.3 4.5 5.2 50.5 
5.2 - - 2.3 - - - 7.2 46.9 
2.0 1.3 3.1 3.1 2.3 3.6 2.2 2.9 35.6 
1.8 2.3 3.4 2.9 2.5 2.0 3.4 2.9 56.6 
3.4 - - 4.5 _ - _ 8.1 27.3 
3.4 -
- 6.1 - - - 7.4 27.7 
1.3 1.6 2.9 2.2 2.0 2.9 2.7 3.4 41.4 
1.4 1.8 3.2 2.2 1.1 2.9 2.3 3.2 41.0 
56.5 
55.5 
49.1 
40.1 
110.0 
71.5 
109.0 
107.2 
48.7 
57.7 
27.5 
41.2 
Table 16. (Continued) 
Nitrogen mineralized (Ug N/g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Tama 
Muscatine 
Ames 
Fayette 
ADns 30.6 10.4 - 16.9 - 13.5 -
29.0 1 r» o . V - 13.5 - 13.5 -
AD 21.1 8.3 8.1 5.4 7.8 5.6 4.5 
22.5 8.8 7.9 6.5 5.0 3.9 4.5 
FMns 5.9 10.6 - 14.4 _ 9.2 -
6.8 11.9 - 16.4 
- 8.8 -
FÎ-Î 6.3 9.2 9.9 7.6 7.2 5.0 7.4 
7.6 11.0 11.0 7.6 7.0 5.2 6.7 
ADns 23.4 8.3 10.4 7.9 
23.2 8.3 - 14.9 - 8.3 -
AD 23.6 8.6 7.7 7.6 6.5 5.6 4.5 
21.2 7.6 7.7 6.8 5.6 4.7 4.1 
FMns 7.9 9.9 - 13.5 - 9.0 -
7.7 9.9 - 14.0 - 8.3 -
FM 7.9 7.7 7.0 7.6 7.6 5.4 7.0 
8.6 7.7 7.0 5.0 5.0 5.4 7.0 
ADns 34.0 11.3 20.0 15.0 
34.0 9.2 
- 16.2 - 15.1 -
AD 36.7 9.7 11.3 6.7 5.4 7.0 4.7 
33 = 3 11.0 11.7 8.3 7.6 7.2 5.8 
FMns 7.2 9.9 - 23.9 - 11.7 -
5.4 9.2 - 23.0 - 10.8 -
FM 3.6 7.2 10.1 8.8 8.5 6,3 8.5 
4.5 7.2 11.0 9.0 9.0 7.9 8.1 
27.5 11.7 24.5 25.4 
29.5 11.9 
- 24.3 - 25.0 -
28.3 7.0 11.2 13 = ^ 11 -0 12.2 11.7 
31.7 9.2 11.3 12.2 12.2 12.4 7.0 
FMcs 1.6 5.9 - 29.5 - 22.7 -
0.0 4.1 
- 27.0 - 21.8 -
FM 0,0 11.9 13.7 13.1 13.7 12.6 13.0 
1.6 11.9 13.7 13.1 13.7 12.6 13.7 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
11.9 - - 10.8 - 11.3 105.4 
11.9 - - 15.3 - - - 11.0 105.0 105.2 
4.0 4.0 5.0 4.9 4.7 3.2 4.1 3.6 94.3 
4.5 4.0 5.0 5.8 5.8 4.7 4.1 3.8 98.6 95.5 
10,8 - - 10.1 - - - 14.6 75.6 
10.8 - - 13.3 - - - 14.9 82.9 79.3 
2.7 3.4 5.4 4.0 4.9 7.2 5.2 5.0 90.4 
3.4 3,6 5.4 4.0 4.1 5.2 6.5 5.2 93.5 92.0 
12.2 - - 9.5 - - - 12.8 84.5 
12,2 - - 12.2 - - - 13.1 92.3 88.0 
3.6 3.4 5.8 4.5 4.7 6.7 4.3 4.3 
2.3 3,2 6.3 3.8 4.0 4.5 3.4 3.6 : 95.1 
8.8 - - 13.3 - 13.3 
9.2 - - 12.4 - 12.4 72.9 74.8 
5.9 4.0 4.9 4.9 3.1 5.8 5.0 5.8 
4.7 5.4 4.9 4.9 2.5 5.1 4.3 5.8 83.3 86.5 
11.0 - - 41.0 - 21,0 153.3 
9.9 - - 41.9 - 25.6 151.9 152.6 
4.3 4.5 6.1 4.9 4.9 5.6 4.1 4.9 120.8 
4=3 4.5 5.8 4.9 4.7 4.3 6.1 5.6 125.0 122.9 
12.8 - - 23.4 - 27.2 115.1 
12.8 - - 27.7 - 26.8 115.7 115.9 
5.8 6.8 7.9 6.7 5.9 5.4 6.3 6.3 104.1 
6.1 7.2 7.9 7.0 3.8 5.9 6.5 6=3 110.0 107.1 
24.8 - - 41,2 - 29.7 184.3 
24.8 - - 35.3 - - - 29.9 180.7 182.8 
9.5 5.9 11.7 10c6 9=2 9.5 11.0 11.3 173.4 
9.4 5.6 10.1 10.3 10.4 10.1 11.0 9.2 174.1 173.8 
23.C - - 45.5 - - - 36.9 155.1 
25.7 - - 40.1 - 37.6 156.3 160.7 
12.0 10,1 14.0 15.5 14.2 9.9 11.9 9.5 175.1 
12.2 10.1 14.9 14.8 14.2 9.9 11.0 9.5 176.9 176.0 
Table 16. (Continued) 
Nitrogen mineralized (gg N/g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
tiarps ADns 
AD 
FMns 
15.1 
13.5 
18.0 
14.3 
0.9 
1 .8  
1.6 
3.6 
4.3 
4.5 
4.5 
4.3 
2 .0  
2.9 
1.4 
1.4 
7.9 
6.8 
7.0 
6.1 
11.5 
12.2 
7.9 
6.5 
6.8 
12.2  
6 .8  
5.6 
9.5 
7.7 
5.9 
5.2 
12.6  
10.4 
6.3 
5.6 
17.3 
11.3 
5.8 
4.3 
5.8 
4.7 
4.3 
Canisteo ADns 
AD 
FMns 
FM 
23.0 
20.7 
27.9 
29.3 
2.7 
1.8 
0.9 
0.9 
16.2 
16.0  
11.3 
11.0 
7.7 
7.4 
8 . 6  
8 . 6  
14.9 
14.9 
13.3 
13.5 
44.3 
44.0 
25.9 
20.5 
26.3 
27.0 
16.0 
16 .2  
20.7 
iy.i 
19.1 
33.3 
31.7 
14.9 
15.3 
24.3 
18.5 
14.6 
16 .0  
14.8 
16.9 
15.1 
Okoboji ADns 
AD 
FMns 
37.8 
36.2 
32.0 
32.6 
6.0 
7.0 
7.4 
14.6 
16.7 
15.5 
14.9 
11.9 
11.9 
8 . 6  
22.5 
22.5 
i / . X 
^ 1 < 
36.9 
31.5 
17.5 
18.4. 
36.0 
36.0 
4.6 
7.5 
16.4 
19.4 
25.0 
11 .2  
8.8  
22.5 
23.6 
13.9 
14.8 
9.9 
9.0 
11 = 9 
13.1 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
10.6 - - 18.0 - - - 22.1 94.2 
11.9 - - 20.9 - 22.3 95.7 95.0 
6.1 4.3 6.7 6.3 5.9 4.5 6.1 5.2 105.0 
4.7 4.3 7.0 6.3 5.8 5.9 6.1 5.9 96.4 100.7 
11.0 - - 13.3 - - - 22.1 73.4 
11.0 - - 14.4 - 18.5 72.1 75.8 
4.7 4=1 7.9 4.9 4.9 5.2 5.0 5.0 74.5 
4.1 4.1 5.4 4.9 4.9 4.5 5.0 5.2 67.3 70.9 
28.8 - - 37.6 - 41.2 224.4 
27.0 - - 37.1 - - - 37.6 214.1 219.3 
9.0 8.1 11.0 10.6 9.0 9.7 5.9 9.5 200.8 
11.9 8.1 12.2 10.6 10.8 9.7 8.5 9.9 208.2 204.5 
21.4 - - 29.9 - 36.9 149.2 
15,8 - - 29.5 - 39.4 139.4 144.3 
11.5 6.1 10.3 8.5 7.9 8.8 7.0 7.9 154.4 
11.3 8.6 10.3 9.4 6.1 8.3 8.8 7.9 160.1 158.8 
17.8 - - 21.6 - 23.9 172.0 
18.7 - - 25.7 - 20.7 174.5 173.3 
10.8 6.5 10.4 8.3 7.7 6.3 5.6 6.8 185.6 
10.8 6.5 8.8 7.7 5.8 6.8 4.9 5.8 180.8 183.2 
17.6 - - 25.4 - - - 34.9 154.3 
16.4 - - 25.0 - 39.4 159.3 156.8 
11.9 9.0 9.7 10.8 9.9 9.2 9.4 9.5 167.4 
10.8 9.0 10.4 9.0 7.7 8.3 8.3 9=5 163,7 165.6 
Table 17. Amounts of nitrogen mineralized within successive incubation 
periods (weeks) when soils were incubated at 35°C under 
aerobic conditions 
Nitrogen mineralized (gg N/g soil) within 
Soil Condition^ 0-2 2-4 4-S 5-S S-10 10-12 12-14 
Clarion 
Downs 
ADns 19.8 9.7 - 9.2 - 11.3 -
19.8 6.2 - 12.2 - 11.5 -
AD 17.8 7.4 8.1 5.6 4.9 7.7 4.5 
18.9 8.3 7.6 6.1 6.3 9.0 5.2 
FMns 7.9 8.8 7.4 _ 15.5 _ 
9.5 9.2 - 6.1 - IS 0 -
FN 7.9 7.9 6.5 4.3 3.1 11.0 4.5 
9.5 9.7 5.9 1.1 8.3 9.5 5.8 
ADns 39.8 28.8 _ 21.4 21.8 _ 
46.8 21.4 - 20.9 - 22.1 -
AD 35.2 30.3 10.6 10.5 12.4 13.9 9.2 
35.2 20.3 10.3 11.9 12.5 12.8 9.0 
FMns 23.4 17.8 - 15.1 - 37.1 -
14.4 29.7 - 16.2 - 31.7 -
FN 21.0 20.7 17.5 8.5 16.9 14.4 9.0 
21.4 20.7 16.4 9.0 10.8 18.2 11.2 
ADns 23.6 9.2 12.6 8.1 
25.2 10.6 - 6.1 - 15.5 -
A -n •) '< Û LO 3 «. R 5.9 4.9 13.9 5.9 
24.3 10.1 7.4 6.8 6.5 13.6 4.0 
FMns 2.9 15. G _ 8.6 - 17.3 -
7.0 7.2 - 4.5 - 18.5 -
FN 7.7 9.2 6.8 3.6 18.0 9.2 6.1 
7.2 8.5 6.0 3.4 18.2 9.4 6.0 
^FM, field-moist soil; AD,air-dired soil. The mineral N produced 
was removed by 0.01 X CaCl^ and when indicated (ns) the soil was treated 
with a nutrient solution (Stanford and Smith, 1972) 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulacive Avg. 
7.4 10.4 13.7 81.5 
5.6 - - 8.3 - - - 12.2 75.8 87.7 
3,1 5.2 3.1 2.0 7.0 3.8 3.6 3.2 87.0 
4.0 5.4 3.8 3.8 3.1 3.2 4.5 4.1 93.3 90.2 
6.5 - - 7.9 - - - 12.8 66 o8 
7.4 - - 7.7 - - - 10.8 68.7 67.8 
6.1 5.2 4.9 4.9 5.2 3.8 4.1 4.3 83.7 
5.8 5.4 4.0 4.9 5.2 3.4 4.1 2.7 85.3 84.5 
17. S - 32.0 28.0 189.6 
17.8 - - 32.6 -
- - 28.4 190.0 189.8 
7.5 8.1 7.0 7.7 6.1 8.5 5.8 8.6 171.5 
7.9 9.9 8.6 6.5 6.3 8.8 5.9 8.9 174.8 173.0 
19.4 - - 28.8 - - - 31.5 173.1 
16.0 
- - 22.7 - - - 37.6 168.3 170.7 
8.5 9.4 7.9 8.6 8.5 8.1 8.6 8.5 176.7 
9.4 9.2 8.5 8.6 8.5 8.1 7.9 8.6 176.5 176.6 
7.0 _ __ 7.9 _ 8.3 76.7 
8.1 - - 7.9 - - - 7.9 81.3 79.0 
z.y 4.9 3.2 2,5 2. ^ O /. 3 5 1 on M 
3.2 4.7 4.0 2.5 3.1 4.3 3.4 3.5 100.9 100.9 
7.2 - - 7.2 - - - S c 3 57.5 
7.2 - - 7.4 - - - 8.8 60.6 64.1 
5.0 5.9 6.5 4.0 5.4 4.5 4.3 4.5 100.7 
5.9 6.5 0.1 4.7 5.6 3.3 4.3 4.9 100.5 100.6 
Table 17. (Continued) 
Nitrogen mineralized (gg N/'g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Tama ADns 
AD 
FMns 
FM 
39.6 
35.1 
37.8 
37.8 
17.8 
17.1 
14.4 
13.3 
10.8 
14.9 
17.3 
17.5 
17.6 
16.9 
17.3 
16.6 
15.7 
16.7 
13.9 
12.8 
15.8 
13.0 
7.7 
19.6 
13.3 
8.3 
7 7 
11.0 
12.8 
16.6  
29.5 
24.5 
17.0 
18.0 
21.6  
33.5 
19.6 
20.3 
7.4 
8.1 
11.7 
11.9 
Muscatine ADns 
AU 
FMns 
FN 
38.0 
38.9 
38.9 
38.7 
14.2 
14.9 
15.8 
14.9 
12.8 
12.8 
16.2 
16.9 
16.9 
18.0 
15.5 
14.2 
18.7 
iO.> 
17.8 
11.7 
13.1 
13 7 
13.1 
21.2 
21.8  
9.5 
11.0 
5.6 
9.2 
16 9 
12.2 
22.7 
24.3 
21-4 
14.6 
17.3 
16.9 
1 1 . 2  
21.8 
11,0 
9.7 
9.4 
11.7 
Ames ADns 
AD 
r hns 
36.1 
40.7 
45.0 
43.2 
25.2 
23.2 
22.5 
22.1 
19.8 
19.1 
22.9 
25.7 
19.4 
18.5 
18.2 
18.2 
13.5 
14.9 
15.8 
21.6 
11.7 
11.7 
10.3 
9.2 
iy.i 
9.5 
6.7 
8.6 
10.4 
18.7 
27.0 
28.6 
34.3 
38.7 
9.9 
10.3 
54,2 
57.8 
27.2 
21.8 
8 .8  
6 . 8  
0 .1  
9.7 
rayette 
AD 
r rins 
70.0 
70.4 
67.9 
67.5 
18.5 
13.1 
15.8 
18.4 
17.8 
20.3 
22.7 
22.5 
26 .8  
35.6 
24.1 
21 .6  
27.0 
28 = 6 
27.0 
27.2 
20.0 
21 .2  
36.5 
27.2 
1A n 
;.8 
37.1 
42.0 
41.0 
40.0 
48.4 
45.2 
37.6 
65.9 
43.0 
/, *5 n 
1 /. o 
15.5 
IQ A 
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successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
16.7 - - 19.4 - - - 24.3 153.1 
14.6 
- - 20.5 - - - 22.5 147.9 150.5 
5.6 7.6 7.4 5.4 5.2 4.9 5.0 5.4 165.7 
6.8 8.1 7.2 5.8 5.2 5.2 6.1 8.1 171,1 168.4 
16.0 - - 19.1 - - - 23.4 135.1 
15,5 
- - 14.9 - - - 22.7 133.9 134.5 
8.8 9.5 7.7 5.8 7.2 7.2 5.0 5.0 157.8 
9.2 9.5 8.5 6.5 6.7 5.4 5.8 6.8 158.6 158.2 
11.7 _ 16.7 19.8 133.4 
13.5 - - 16.7 - - - 23.2 142.5 138.0 
4.1 9.2 6.3 4.9 4.1 5.4 6.3 5.6 170.9 
4.1 9.2 5.6 2.5 9.5 5.2 9.0 7.9 173.2 172.1 
13,7 - - 17.6 - - - 21.2 122.1 
14.9 - - 15.5 - - - 26.1 127.0 124.6 
7.9 9.5 8.8 6.7 8.5 5.8 5.8 7.6 158.3 
8.8 9.5 8.8 6.7 7.4 6.1 5.8 6.5 164.5 161.4 
13.7 _ _ 16.4 21.6 153.7 
15.5 -
- 16.0 - - - 23.4 165.1 159.4 
7.2 7.4 7.0 6.7 6.7 8.3 7.4 6.7 178.2 
7.2 5.8 6.7 5.6 6.1 6.3 6.1 6.3 178.9 178.6 
13.5 - - 17.8 - - - 19.6 168.8 
19.1 - - 15.1 - - - 22.3 165.5 167.2 
7.4 7.4 5.9 5.4 4.5 4.7 5.6 5.4 173.8 
0.7 -7 /. / .T 6.1 5.8 4.5 5.0 6.3 7.0 179.4 176.6 
25.4 _ _ 34.4 43.4 259.5 
30.6 - - 32.2 - - - 44.6 265.3 262.4 
9-9 12.4 12^2 8 = 5 10,6 10.6 12.1 11.2 299.0 
9.9 11.9 12.2 9.2 13.0 11.9 11.5 10.8 295.8 297.4 
38.9 - - 37.8 - - - 55.8 251.9 
34.9 - - 36.7 
-
- -
46.6 260.0 256.0 
12.8 12.6 12.8 11.7 12.1 11.9 12.4 13.1 275.0 
14.0 13.1 12.8 10.6 12.4 11.9 11.7 12.2 287.6 281.3 
Table 17. (Continued) 
Nitrogen mineralized (gg N/g soil) within 
Soil Condition 0-2 2-4 4-6 6-8 8-10 10-12 12-14 
Harps ADns 30.2 7.9 11.9 35.0 
35.7 10.8 - 21.2 - 21.4 -
AD 32.2 10.4 8.8 11.3 8.8 19.0 7.4 
31.9 11.9 11.9 10.6 9.4 19.8 9.2 
FMns 2.0 25.7 - 14.4 - 37.6 -
7.0 16.2 - 14.0 - 35.1 -
FM 8.6 8.3 7.9 5.8 25.0 13.7 7.7 
11.7 9.9 8.6 6.7 15.8 11.0 8.1 
Canisteo ADns 59.2 21.2 21.8 63.7 
58.3 20.7 
- 34.4 - 52.0 -
AD 60.3 20.2 25.2 20.7 15.3 20.0 14.8 
61.7 20.3 22.9 23.2 14.2 24.7 14.8 
FMns 17.6 23.2 - 34.9 - 36.2 -
16.4 24.3 - 36.7 - 34.7 -
FM 17.8 23.8 23.0 14.9 23.4 38.2 14.9 
16.9 23.9 26.1 14.6 22.0 37.9 16.4 
Okoboji ADns 57.8 21.4 25.4 52.0 
57.2 24.5 - 17.7 - 52.4 -
AD 67.0 31.0 23.0 22.0 17.8 25.0 16.7 
67,9 31.1 26.8 23.0 18.7 27.7 17.6 
FMns 19.4 46.0 - 27.2 - 35.8 -
16.0 46.6 
- 27.9 - 36.7 -
FM 19.4 22.7 20.9 17.5 34.6 33.5 22.1 
20.3 21.8 19.4 17 G 34 G 31.7 20.1 
187 
successive incubation periods (weeks) specified 
14-16 16-18 18-20 20-22 22-24 24-26 26-28 28-30 Cumulative Avg. 
20.5 24.3 30.2 160.8 
22 = 1 
-
- 28.1 - - - 27.7 168.0 164.4 
6.3 8.5 6.1 7.0 6.8 6.7 7.2 6.2 152.7 
6.3 7.4 6.1 5.6 4.7 4.3 6.5 7.4 153.0 152.9 
18.5 - - 24.3 - - - 32.0 154.5 
19.8 - - 26.8 - - - 34.2 153.1 153.8 
7.0 7.7 5.8 10.4 7.9 5.8 7.9 7.6 137.1 
7.0 8.8 10.1 10.4 7.9 7.4 6.7 7.6 137.7 137.4 
40.1 44.1 61.7 311.8 
38.5 
-
- 46.8 - - - 54.7 315.4 313.6 
13.9 15.7 13.7 12.1 11.7 13.3 1 O ry J > •  V 10.6 00-3 S 
10.8 15.3 13.3 12.6 12.2 11.7 13.5 10.6 281.8 282.7 
35.3 - - 64.8 - - - 61.2 273.2 
34.9 - - 55.8 - - - 65.0 267.8 270.5 
15.1 16.9 15.7 13.9 11.7 13.7 14.6 11.9 269.5 
14.9 16.0 14.0 16.2 12.2 14.6 15.8 14.6 275.3 272.4 
24.3 41.9 44.3 267.6 
26.3 - - 43.2 - - - 45.2 267.0 267.3 
18.5 20.2 15.3 15.1 13.5 10.4 10.6 10.4 316.5 
17.5 18.2 16.9 15.1 13.5 11.2 12.4 10.4 328.0 322.3 
40.3 - - 55.8 - - - A 7 Z/Z.4 
34.0 - - 58.1 - - - 53.1 272.4 272.4 
20.9 23.2 20.0 22.0 15.3 12.2 13.0 11 = 5 308.8 
20.3 23 = 9 18 = 7 25 = 0 13.0 9.4 12.1 11.9 298.6 303.7 
